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Abstract 
 
Pseudoneglect represents the tendency for healthy individuals to show a slight but 
consistent bias in favour of stimuli appearing in the left visual field. The bias is 
often measured using variants of the line bisection task. An accurate model of the 
functional architecture of the visuospatial attention system must account for this 
widely observed phenomenon, as well as for modulation of the direction and 
magnitude of the bias within individuals by a variety of factors relating to the state 
of the participant and/or stimulus characteristics. To date, the neural correlates of 
pseudoneglect remain relatively unmapped. In the current thesis, I employed a 
combination of psychophysical measurements, electroencephalography (EEG) 
recording and transcranial direct current stimulation (tDCS) in an attempt to probe 
the neural generator(s) of pseudoneglect. In particular, I wished to utilise and 
investigate some of the factors known to modulate the bias (including age, time-
on-task and the length of the to-be-bisected line) in order to identify neural 
processes and activity that are necessary and sufficient for the lateralized bias to 
arise.  
 
Across four experiments utilising a computerized version of a perceptual line 
bisection task, pseudoneglect was consistently observed at baseline in healthy 
young participants. However, decreased line length (experiments 1, 2 & 3), time-
on-task (experiment 1) and healthy aging (experiment 3) were all found to 
modulate the bias. Specifically, all three modulations induced a rightward shift in 
subjective midpoint estimation. Additionally, the line length and time-on-task 
effects (experiment 1) and the line length and aging effects (experiment 3) were 
found to have additive relationships. In experiment 2, EEG measurements 
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revealed the line length effect to be reflected in neural activity 100 – 200ms post-
stimulus onset over source estimated posterior regions of the right hemisphere 
(RH: temporo-parietal junction (TPJ)). Long lines induced a hemispheric 
asymmetry in processing (in favour of the RH) during this period that was absent 
in short lines. In experiment 4, bi-parietal tDCS (Left Anodal/Right Cathodal) 
induced a polarity-specific rightward shift in bias, highlighting the crucial role 
played by parietal cortex in the genesis of pseudoneglect. The opposite polarity 
(Left Cathodal/Right Anodal) did not induce a change in bias. 
 
The combined results from the four experiments of the current thesis provide 
converging evidence as to the crucial role played by the RH in the genesis of 
pseudoneglect and in the processing of visual input more generally. The reduction 
in pseudoneglect with decreased line length, increased time-on-task and healthy 
aging may be explained by a reduction in RH function, and hence contribution to 
task processing, induced by each of these modulations. I discuss how behavioural 
and neuroimaging studies of pseudoneglect (and its various modulators) can 
provide empirical data upon which accurate formal models of visuospatial attention 
networks may be based and further tested. 
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General Introduction 
 
 
The attention systems of the human brain serve to “filter” behaviourally relevant 
from irrelevant information based on current goals. They are crucial for perception 
and everyday functioning given that deficits lead to severe perceptual and 
behavioural impairments, as seen for instance in hemispatial neglect (Karnath et 
al., 2004; Vallar & Perani, 1986; Mort et al., 2003; Vallar, 1998; Harvey & Rossit., 
2012; Driver & Mattingley, 1998). Several of these attentional systems have been 
identified anatomically and studied as to their involvement in regulating perception.  
 
Based on lesion studies, two early prominent models of visuospatial attention 
processing have been the „right hemispheric dominance‟ theory (RHDT: Heilman & 
Van den Abell, 1980; Mesulam, 1981) and the „interhemispheric competition‟ 
theory (ICT: Kinsbourne, 1970; 1977; 1987) which differentially implicate left 
versus right hemispheric processes in determining spatial attention biases. The 
RHDT postulates that the left hemisphere (LH) only codes for input from the right 
side of egocentric space whereas the right hemisphere (RH) codes for input from 
both the left and right sides of egocentric space (Heilman & Van den Abell, 1980; 
Mesulam, 1981; Dietz et al., 2014). The ICT postulates that homologous regions 
across both cerebral hemispheres operate as opponent processors through 
reciprocal inhibition and hence asymmetrical activation biases attention in the 
direction contralateral to the preferentially activated hemisphere (Kinsbourne, 
1970; 1977; Reuter-Lorenz et al., 1990; Bultitude & Aimola-Davies, 2006; 
Szczepanski & Kastner, 2013). Based on conflicting data from transcranial 
magnetic stimulation (TMS) experiments, Duecker & Sack (2015) recently 
proposed a „hybrid‟ model of attentional control suggesting that the posterior 
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parietal cortex (PPC) portion of the fronto-parietal network subserving visuospatial 
attention is characterized by competition between the hemispheres (ICT) whereas 
the frontal eye field portion shows right hemisphere dominance (RHDT). 
  
Structural and functional brain imaging studies (in both neurologically healthy as 
well as in brain lesioned individuals) have revealed distinct but overlapping 
networks that subserve the fundamental components of visual attention. A bi-
hemispheric dorsal frontoparietal network is postulated to subserve the 
endogenous allocation of spatial attention across the visual field, whereas a 
ventral frontoparietal network is implicated in the maintenance of arousal/vigilance 
and the reflexive re-orienting of attention to salient/unexpected stimuli (Corbetta & 
Shulman, 2002; 2011). The latter ventral frontoparietal network is highly right 
hemisphere lateralized (Corbetta & Shulman, 2011; Petersen & Posner, 2012) and 
because it underlies the production and maintenance of an optimal vigilance state, 
is thought to facilitate perception and behaviour. The combined interactivity of 
these networks is postulated to regulate visual performance at a given moment in 
time or point in space (He et al., 2007; Thiebaut de Schotten et al., 2011; Corbetta 
& Shulman, 2011). Importantly, any accurate model of the visuospatial attention 
system must account for commonly observed visuospatial phenomena. In the 
current set of experiments I sought to utilise psychophysical and neuroimaging 
measurements of a phenomenon termed pseudoneglect (a perceptual bias 
towards the left side of space found to occur in the majority of neurologically 
normal people) in order to further elucidate the functional architecture of the 
visuospatial attention system in the healthy brain. 
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Pseudoneglect 
First documented by Bowers & Heilman (1980), pseudoneglect represents a 
visuospatial bias in favour of the left side of space displayed by the majority of 
neurologically normal people. Stimuli appearing in the left visual field/space tend to 
be responded to quicker and/or judged as larger, brighter or more numerous than 
comparable stimuli appearing in the right visual field (Charles et al., 2007; McCourt 
& Olafson, 1997; Nicholls et al., 1999; Jewell & McCourt, 2000). This subtle but 
robust phenomenon has been measured and replicated using a variety of different 
tasks requiring the distribution of visuospatial attention across the entire visual 
field, primarily variants of horizontal line bisection (Scarisbrick et al., 1987; Milner 
et al., 1992; Jewell & McCourt, 2000; Nicholls et al., 1999). Although considerable 
inter-individual variation exists in the direction and magnitude of lateralised spatial 
bias (with a common leftward asymmetry when averaged across participants), the 
bias displayed within individuals appears to reflect a reliable individual trait 
(Tomer, 2008; McCourt, 2001; Varnava et al., 2013). The pseudoneglect 
phenomenon has been suggested to influence everyday behavioural 
consequences as diverse as collisions occurring whilst navigating the environment 
(Nicholls et al., 2007; Nicholls et al.,  2008; Nicholls et al., 2010; Thomas et al., 
2009; Turnbull & McGeorge, 1998; Wilkinson et al., 2010; though see Fujikake et 
al., 2011 and Hatin et al., 2012 for discrepant results), driving performance 
(Benedetto et al., 2013), sporting performance (Roberts & Turnbull, 2010; 
Carlstedt, 2004; Nicholls et al., 2010; Masters et al., 2007), perception of retail 
displays (Massara et al., 2014) and responses on Likert scale surveys (Nicholls et 
al., 2006; Maeda, 2015). Additionally, pseudoneglect direction and magnitude 
have been suggested to predict tonic personality traits such as temperament 
(Tomer, 2008; Garner et al., 2012) and schizotypy (Brugger & Graves, 1997; Mohr 
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et al., 2003; Taylor et al., 2002; Liouta et al., 2008; Ribolsi et al., 2013; though see 
Schofield & Mohr, 2014 for discrepant results) as well as phasic traits such as 
approach/avoidance motivation (Friedman & Forster, 2005; Drake & Myers, 2006; 
Nash et al., 2010; Roskes et al., 2011; Miller et al., 2012) and emotional state 
(Foster et al., 2008; Tamagni et al., 2009; Wilkinson et al., 2010; Cattaneo et al., 
2014).  
 
Neurologically, pseudoneglect is posited to arise from anatomical and functional 
asymmetries of the brain networks subserving visuospatial attention (Bultitude & 
Aimola-Davies, 2006; Corbetta & Shulman, 2011) but the phenomenon remains to 
be fully mapped onto brain activity/anatomy. Lateralization of cognitive functions in 
the human brain is well established and is thought to facilitate optimal information 
processing (Cai et al., 2013; Corballis, 1989). Whether a bias of attention toward 
the left visual field/space confers any additional adaptive advantage remains 
unclear (see Marzoli et al. (2014) for a recent discussion of this). However, it is 
apparent that the functional hemispheric asymmetry is likely to have an ancient 
evolutionary origin as it is also found in non-human animals such as primates 
(Hauser & Andersson, 1994) and mice (Ehret, 1987). Indeed, pseudoneglect has 
also been repeatedly documented in birds (Diekamp et al., 2005; Regolin, 2006; 
Chiandetti, 2011). Both behavioural and neuro-imaging studies of pseudoneglect 
can contribute much towards our understanding of the functional architecture of 
visual attention processing in the human brain. Below I provide brief reviews of 
both behavioural and neuro-imaging studies published to date on pseudoneglect 
before outlining the rationale and results of the present experiments. Furthermore, 
I then identify pertinent questions that remain unanswered and suggest some 
potentially productive methods for approaching them.     
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Behavioural studies of pseudoneglect 
In a seminal review and meta-analysis of early behavioural studies of 
pseudoneglect (encompassing 73 studies with a total of 2191 participants), Jewell 
and McCourt (2000) documented an overall significant leftward bisection error 
(with an effect size of between -0.37 and -0.44) that was however significantly 
modulated by a number of task and participant specific variables. The leftward 
bias has been observed in a variety of different bisection tasks, including manual 
paper-and-pencil line bisection (Scarisbrick et al., 1987; Son et al., 2001; Chieffi et 
al., 2014), bisection-by-pointing (Hurwitz et al., 2011), rod bisection (Bradshaw et 
al., 1985; Bradshaw et al., 1987; Laeng et al., 1996) and bisection by visual 
fixation (Hurwitz et al., 2011; Cavezian et al., 2012, though see Leonards et al., 
2013 for evidence of a rightward ocular bisection bias). The landmark task, 
originally developed by Milner et al. (1992), is a forced-choice bisection task in 
which participants are presented with pre-bisected lines and asked either to judge 
which end of the line is shorter/longer or asked to judge whether the line is 
correctly bisected or not (Bisiach et al., 1998; Toraldo et al., 2004). In both 
instances, overestimation of the left relative to the right segment of the line is 
usually found (Fink et al., 2002; Toba et al., 2011). The landmark task minimizes 
the influence of motor factors on midpoint judgement and allows for the removal of 
scanning eye movements through tachistoscopic line presentations (McCourt & 
Olafson, 1997, see Figure 1 for examples of line stimuli employed in the current 
experiments). Indeed, the task employed here has been termed tachistoscopic line 
bisection (McCourt & Olafson, 1997). Hence, the task allows for the dissociation of 
purely perceptual bias from motor bias during line bisection. The consistent 
leftward bias displayed on the landmark task thereby highlights the attentional 
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nature of pseudoneglect, in contrast to intentional/motor accounts of the bias 
(Brodie & Pettigrew, 1996; Dellatolas et al., 1996; MacLeod & Turnbull, 1999).  
 
 
Figure 1. Examples of line stimuli used in the current experiments: Lines were transected at various locations 
symmetrically distributed to the left and right of veridical centre. All lines were displayed with the transector location centred 
on the vertical midline of the display (i.e., aligned to a central fixation cross which preceded the presentation of the lines). 
Lines A, C and E are transected to the left of veridical centre whereas lines B, D and F are transected to the right of veridical 
centre. Lines of varying contrast polarity appeared with equal frequency and the order of appearance was randomized. 
 
Left visual field advantage is also observed in a variety of non-bisection 
visuospatial tasks that nonetheless involve a forced-choice decision regarding 
relative characteristics of stimuli presented simultaneously to the left and right 
visual field. Stimuli employed include chimeric faces (Levy et al., 1972; Dutta & 
Mandal, 2002; Bourne, 2008; Butler & Harvey, 2005; 2006; 2008), basic shapes 
(Milner & Harvey, 1995; Nicholls et al., 1999; Charles et al., 2007) and dot/star 
arrays (Nicholls et al., 1999). The greyscales task developed by Mattingley et al., 
(1994) requires participants to judge the darker of two simultaneously presented 
left-right mirror-reversed brightness gradients. Neurologically normal participants 
tend to choose the greyscale that is dark on the left side, even though both 
greyscales in a pair are always identical in overall brightness (Nicholls et al., 1999; 
Nicholls et al., 2004; Mattingley et al., 2004; Orr & Nicholls, 2005; Loftus et al., 
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2009; Loftus & Nicholls, 2012; Thomas & Elias, 2012). In a recent meta-analysis of 
laterality effects in non-bisection free-viewing tasks (encompassing 112 studies 
with a total of 19,909 participants), Voyer et al., (2012) found a large and 
significant left visual field bias (estimated effect size (d = 1.024)). In addition, left 
visual field advantage has also been observed during lateralised dot detection 
tasks (e.g. modified Posner paradigms (Posner, 1980)) employing reaction time as 
a dependent variable (Hilgetag et al., 2001; Koch et al., 2005; Thut et al., 2006; 
Thiebaut de Schotten et al., 2011). 
 
A leftward bias also occurs for initial fixations when viewing natural visual scenes 
(Dickinson & Intraub, 2009; Ossandon et al., 2014; Nuthmann & Matthias, 2014; 
Foulsham et al., 2013). This effect has been shown to persist for roughly 1500 ms 
across a variety of different viewing instructions/tasks and has been attributed to 
pseudoneglect (Nuthmann & Matthias, 2014; Ossandon et al., 2014). However, 
recent analyses of fixations and saccadic eye movements during landmark task 
performance have revealed a tendency for average gaze direction to be biased to 
the right side of the line (McCourt et al., 2000; Elias et al., 2005; Thomas et al., 
2012), though there is also evidence for first fixations to be biased to the left 
(Cavezian et al., 2012). Thomas et al. (2012) suggest that the rightward gaze bias 
for the landmark task may occur in order to bring the majority of the line into the 
left visual field and hence to facilitate visuospatial processing in the right 
hemisphere (see also Elias et al., 2005 for a similar effect with greyscales, stars 
and shapes stimuli). However, direct evidence for the link between saccadic eye 
movements/fixations and the pseudoneglect bias is lacking (Hurwitz et al., 2011; 
Foulsham et al., 2013). Indeed, pseudoneglect has consistently been displayed 
during tasks in which scanning eye movements are not possible and so scanning 
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eye movements/fixations must only have a modulatory influence on the direction 
and magnitude of bias displayed during free-viewing or extended-viewing tasks 
(Chokron and Imbert, 1993; Chokron et al., 1998; Foulsham et al., 2013).   
 
Nonetheless, the bias displayed by any given individual can be modulated by a 
variety of stimulus, state and experimental factors. One of the most established 
modulators of bisection bias is the length of the to-be-bisected line, with the 
magnitude of pseudoneglect reducing linearly as a function of line length (McCourt 
and Jewell, 1999; Hurwitz et al., 2011). In short lines (< 2 cm in length or 
subtending < 2º of visual angle horizontally), either symmetric patterns of midpoint 
judgements (Thomas et al., 2012) or even reversed rightward biases under certain 
experimental conditions (see Rueckert et al., 2002) have been observed. This has 
been reported for landmark task performance (Rueckert et al., 2002; Heber et al., 
2010; Thomas et al., 2012) in line with a perceptual origin of the effect. However, 
the effect has proven inconsistent for manual bisection, ocular bisection and 
bisection by pointing, suggesting that motor/intentional factors can ameliorate the 
line length effect under certain experimental conditions (Rueckert et al., 2002; 
Mennemeier et al., 2005; Veronelli et al., 2014; Hurwitz et al., 2011). The bias has 
also been suggested to be modulated by the vertical and horizontal location of the 
stimulus relative to the observer (leftward bias strongest for upper visual field and 
left visual field (McCourt & Garlinghouse, 2000; Barrett et al., 2000; Thomas & 
Elias, 2010; 2011; Charles et al., 2007; Luh et al., 1995; McCourt & Jewell, 1999; 
Son et al., 2001)), stimulus presentation time (leftward bias strongest for short 
presentation times (Jewell & McCourt, 2000; Thomas & Elias, 2011; Thomas et al., 
2012)), cueing effects (midpoint judgement shifts towards cue (Harvey et al., 2000; 
McCourt et al., 2005; Bultitude & Aimola-Davies., 2006; Toba et al., 2011)), 
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viewing distance (rightward shift in spatial bias from peri- to extra-personal space 
(McCourt & Garlinghouse, 2000; Varnava et al., 2002; Bjoertomt et al., 2002; 
Longo & Lourenco, 2006; Gamberini et al., 2008; Mahayana et al., 2014)) and 
perceptual load (rightward shift in spatial bias with increased perceptual load 
(Perez et al., 2009; O‟Connell et al., 2011; Newman et al., 2013)). 
 
As well as factors relating to the stimulus, context and experimental set-up, 
endogenous factors related to the state of the tested participants have also been 
found to influence the manifestation of pseudoneglect. Over an extended period of 
landmark task performance (~1 hour), a rightward shift in subjective midpoint has 
been observed within participants (the time-on-task effect (Manly et al., 2005; 
Dufour et al., 2007)). The time-on-task effect has been suggested to represent an 
interaction between spatial orienting and arousal networks in the right hemisphere 
(Manly et al., 2005; Fimm et al., 2006; Dufour et al., 2007; Chica et al., 2012; 
Newman et al., 2013). However, Schmitz et al., (2011) found that sleep deprivation 
under controlled conditions did not modulate subjective midpoint estimation on the 
landmark task, thereby a reduction in general arousal/vigilance alone may not fully 
account for the observed rightward shifts in spatial bias with extended time-on-
task.  
 
Another factor that appears to modulate the direction and magnitude of the line 
bisection bias is the age of the participant. The group-level left bias is ameliorated 
(and sometimes reversed) with healthy aging, with elderly participants either 
displaying no consistent group-level directional bias or a systematic right bias 
(Schmitz & Peigneux, 2011; Veronelli et al, 2014). Additionally, some manual 
bisection studies have suggested that this age-related shift in bias may be gender 
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specific, only occurring in men (Varnava & Halligan, 2007; Barrett & Craver-
Lemley, 2008; Chen et al., 2011). This absence (or reversal) of pseudoneglect has 
been posited to reflect either general right hemisphere decline (Nagamatsu et al., 
2011) and/or a reduction in hemispheric asymmetry for spatial processing in the 
elderly (Schmitz & Peigneux, 2011), in line with models of aging that emphasize 
changes in hemispheric asymmetries (Cabeza, 2002; Reuter-Lorenz & Cappell, 
2008).     
 
Evidence from neuroimaging and brain stimulation in healthy participants 
Utilising variants of line bisection, several studies have investigated the neural 
correlates of bisection decisions in the healthy brain. As mentioned, the landmark 
task minimizes the influence of motor factors on midpoint judgement and allows for 
the removal of scanning eye movements through tachistoscopic line presentations 
(McCourt & Olafson, 1997). For these reasons, the landmark task is ideal for 
implementation in neuro-imaging studies of spatial attention processing. In a 
series of fMRI and PET experiments, Fink et al. reported increased activity in right 
hemisphere superior posterior parietal cortex (IPS), inferior parietal lobule 
(temporo-parietal junction (TPJ)) and pre-frontal cortex and the left cerebellum 
along with increased bilateral early visual activation during landmark task 
performance compared to a non-spatial control task1 (Fink et al., 2000a; Fink et 
al., 2000b; Fink et al., 2001; Weiss et al., 2000; Weiss et al., 2003).  
 
Subsequent studies have revealed differences in the brain regions implicated 
during bisection decisions depending on task-specific factors. Fink et al. (2002) 
                                                          
1
 The ‘non-spatial’ control task employed required the participants simply to indicate whether the line 
contained a transection mark or not (trials were included in which the line was not transected at all). This 
control task was employed in order to identify the neural correlates specific to the visuospatial judgement 
involved in the landmark ask whilst controlling for neural activity associated with the visual input and motor 
response preparation. 
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found that the instructions issued to participants modulated the pattern of task-
relevant activation during landmark task performance, with the explicit instruction 
to compare the relative lengths of the two line segments resulting in differential 
activation compared to the instruction to simply respond as to whether the 
transection mark was correctly centred or not. Neural activation common to both 
strategies was observed in the inferior parietal lobes bilaterally and in right 
temporooccipital cortex (Fink et al., 2002). Additional neural activation specific to 
the relative length comparison strategy was observed in left and right superior 
posterior parietal cortex whereas additional bilateral lingual gyrus and anterior 
cingulate activation was observed for the correctly centred judgements. Cicek et 
al., (2009) used fMRI to assess the brain regions involved during both the 
landmark task and manual line bisection. A conjunction analysis of BOLD activity 
related to the processing of both tasks again implicated right lateralized superior 
posterior parietal and lateral peristriate cortex regions. Frontal eye field activation 
was only found during manual line bisection and not during landmark task 
performance (Cicek et al., 2009). Cavezian et al., (2012) compared activity 
between landmark task performance and an ocular line bisection task in which 
participants were instructed to fixate on the point of the line that they judged to be 
the midpoint. The results revealed mainly right lateralised superior parietal cortex, 
supplementary motor area (SMA) and right cerebellum activity during performance 
of both tasks, though less hemispheric asymmetry of parietal response was 
observed for the ocular bisection task along with greater recruitment of frontal 
areas compared to landmark task performance (Cavezian et al., 2012).   
 
Thus, the converging evidence from fMRI and PET studies of line bisection 
performance is of right hemispheric dominance for task processing (in line with the 
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model of Heilman & Van den Abell, 1980), primarily implicating regions of superior 
and inferior parietal cortices. However, the low temporal resolutions of both fMRI 
and PET do not allow for investigation of the evolution of the neural activity 
associated with task processing. In the first high-density electroencephalography 
(EEG) event-related potential (ERP) study of line bisection performance, Foxe et 
al., (2003) revealed a robust net negative potential from 170-400 ms post-stimulus 
presentation during performance of the landmark task relative to the same non-
spatial control task originally employed by Fink et al., (2000a). Foxe et al., (2003) 
termed this electrophysiological correlate of line bisection judgements „the line-
bisection effect‟. The effect onset earlier over the right hemisphere and source 
analysis of the intracranial generators of the effect was in good agreement with the 
fMRI literature (Fink et al., 2000a; Fink et al., 2000b; Fink et al., 2001; Weiss et al., 
2000; Weiss et al., 2003; Cicek et al., 2009; Cavezian et al., 2012), implicating 
right lateral parieto-occipital cortex (early phase of effect ~ 165-190ms) and then 
regions of the posterior superior and central parietal cortex (~ 190-400 ms). Also 
using EEG and source analysis, Waberski et al., (2008) investigated the neural 
correlates of landmark task processing (again as compared to the non-spatial 
control task (Fink et al., 2000a)) when participants were instructed to respond as 
to whether the transection mark was correctly centred or not (as in condition 2 of 
the Fink et al., (2002) study). The analysis implicated early activation of right 
middle occipital gyrus (~ 90 ms post-stimulus onset) followed by successive 
activations of right superior posterior parietal (~ 115 ms), bilateral inferior occipital 
(~ 135 ms (left), ~ 150 ms (right)) and right inferior posterial parietal cortex (~ 200 
ms) during correctly-or-incorrectly bisected judgements relative to the non-spatial 
control task. Utilising magnetic source imaging (MSI), Billingsley et al. (2004) 
observed asymmetric activation of regions within inferior parietal, occipital and 
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prefrontal cortices (> activation in the right hemisphere (RH)) to occur ~200-300 
ms post-stimulus presentation during performance of a landmark task variant.2  
 
However, a key aspect not addressed by many functional neuro-imaging studies of 
pseudoneglect is the link between the neural correlates of stimulus processing and 
the perceptual bias/behavioural performance displayed across participants. 
Linking brain activity and behaviour in this manner would provide more compelling 
evidence as to the specific role any given brain region/neural component plays in 
the genesis of pseudoneglect. Anatomically, Thiebaut de Schotten et al. (2011) 
report an association between the relative hemispheric lateralisation of a parieto-
frontal white matter pathway (superior longitudinal fasciculus II (SLF II)) as 
measured by diffusion tensor imaging (DTI) and the direction and magnitude of 
spatial bias displayed during manual line bisection performance across individuals. 
Those individuals with a larger asymmetry in the relative lateralized volume of SLF 
II in favour of the RH were more likely to display a leftward bisection bias and vice 
versa. Individual differences in the direction and magnitude of pseudoneglect have 
also been suggested to be predicted by hemispheric asymmetries in dopaminergic 
brain systems (Slagter et al., 2010; Newman et al., 2012; Bellgrove et al., 2007; 
Greene et al., 2010; Tomer et al., 2013). Further exploration of the explanatory 
potential of these proposed predictors, as well as how they relate to each other 
and to functional neuro-imaging correlates of visuospatial processing, is required. 
Any proposed model and anatomical/neuronal predictor of pseudoneglect should 
also account for the observed stimulus and state modulations of bias.  
 
                                                          
2
 The contrast employed by Billingsley et al. (2004) was between presentation of single endpoints of a line 
(to one side of a fixation cross) versus simultaneous presentation of both lateral line endpoints (akin to the 
traditional landmark task (Milner et al., 1992))  
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Hence, a potentially useful and relatively unexplored avenue of research is to 
investigate how different modulators of bias interact with each other and what the 
neural correlates of these modulators are. The relationship between different 
modulators of bias in terms of behavioural and neural outcome can provide 
compelling evidence as to whether each modulator arises from the same or 
different neural networks. Additionally, in terms of identifying the neural activity 
which underlies the genesis of pseudoneglect and hence the neural networks that 
are directly involved, established modulators of perceptual bias such as line length 
(Jewell & McCourt, 2000; Rueckert et al., 2002; Thomas et al., 2012) and time-on-
task (Manly et al., 2005; Dufour et al., 2007) can be utilised in order to parcel out 
the activity that is necessary for the bias to arise. Previous controls employed in 
neuroimaging studies of line bisection performance may be inappropriate as they 
do not necessarily isolate that activity which is contributing primarily to the bias. 
Since the bias is stimulus dependent (i.e. the line length effect), controlling for line 
bisection by introducing a „non-spatial‟ task with identical stimuli does not 
necessarily provide the best means of parcelling out the bias relevant activity. 
 
Comparing the associated neural activity for the task between those stimulus 
conditions under which the bias arises and those under which the bias does not 
arise within the same individuals, offers a novel and potentially useful approach to 
the question of the neural correlates of spatial bias. Such an experimental design 
may provide a more appropriate control than the „non-spatial‟ control task 
employed in previous neuro-imaging studies of pseudoneglect (Fink et al., 2000a; 
Fink et al., 2000b; Fink et al., 2001; Foxe et al., 2003; Waberski et al., 2008), 
thereby allowing for more accurate identification of  the temporal and spatial locus 
of the bias.  
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Further evidence of the crucial role played by posterior parietal (particularly RH) 
brain regions during line bisection performance has come from studies employing 
non-invasive brain stimulation (NIBS) techniques such as transcranial magnetic 
stimulation (TMS) and transcranial direct current stimulation (tDCS). NIBS 
techniques allow for causal testing of the involvement of the stimulated brain 
region in a given cognitive function (Walsh & Pascual-Leone, 2003). Briefly 
modulating neuronal firing (and hence interfering with task-relevant processing) 
through online single- and repetitive-pulse TMS to the parietal cortex during 
performance of visuospatial tasks has been shown to bias attention away from the 
contralateral hemifield and toward the ipsilateral hemifield (see Fierro et al., 2000; 
Fierro et al., 2001; Hilgetag et al., 2001; Pourtois et al., 2001; Bjoertomt et al., 
2002; Ellison et al., 2004; Dambeck et al., 2006; Szczepanski & Kastner, 2013; 
Mahayana et al., 2014). The effect of PPC TMS on visuospatial attention appears 
to depend on the timing (relative to task performance) and type of stimulation. For 
instance, in contrast to the typical contralateral impairment observed with online 
studies, Kim et al., (2005) found 10 Hz offline repetitive-pulse TMS applied to the 
PPC to facilitate subsequent perception of contralateral stimuli. 
 
More recently, tDCS applied to PPC has also been shown to modulate the 
direction of visuospatial bias (see Sparing et al., 2009; Giglia et al., 2011; Loftus & 
Nicholls, 2012 and Wright & Krekelberg, 2014). TDCS involves the application of 
weak electrical currents to the scalp through sponge-covered electrodes, resulting 
in modulation of membrane potentials (and thus concurrent cortical excitability) in 
neurons underlying the stimulated regions. Two subtypes of stimulation delivered 
at a constant current strength are the following: (1) anodal stimulation enhances 
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neuronal firing by inducing de-polarization (neuronal excitation); and (2) cathodal 
stimulation hyperpolarizes neurons and depresses the firing rate (inhibition) 
(Nitsche & Paulus, 2000). There is growing interest in the potential therapeutic and 
neuroenhancing potential of tDCS for various cognitive functions (Brunoni et al., 
2012; in particular see Ko et al., 2008; Sparing et al., 2009; Utz et al., 2010 and 
Oliveri 2011 for promising early investigations of the efficacy of parietal-tDCS in 
ameliorating symptoms of visuospatial neglect), but the mechanisms of tDCS 
action on brain activity are not yet fully understood and there is large intra-
individual variability in the induced effects which therefore limits the efficacy of the 
technique (de Berker et al., 2013; Krause & Cohen Kadosh et al, 2014; López-
Alonso et al., 2014; Wiethoff et al., 2014).    
 
Outline of the current experiments 
In the series of experiments presented in the current thesis I sought to elucidate 
the neural origins of pseudoneglect through a combination of psychophysical 
measurements (landmark task), EEG recordings and tDCS. More specifically, I 
aimed to manipulate stimulus factors, endogenous state and task-related neural 
activity in order to modulate the manifestation of pseudoneglect both within and 
between neurologically normal participants and thereby uncover the relationship 
between different modulators of spatial bias as well as their neural correlates.  
 
In the first experiment (presented in Chapter One), I investigated whether the 
previously observed subjective midpoint modulators of line length (Jewell & 
McCourt, 2000; Rueckert et al., 2002; Thomas et al., 2012) and extended time-on-
task (Manly et al., 2005; Dufour et al., 2007) have an interactive or additive 
relationship. In doing so, I tested whether bisection performance in long and short 
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lines are governed by distinct or common mechanisms. Additionally, it was 
possible to assess whether the time-on-task effect occurs regardless of line length 
(in line with the effect occurring as a result of a reduction in general alertness per 
se (Manly et al., 2005; Newman et al., 2013)) or whether the time-on-task effect is 
stimulus specific.  
 
In the second experiment (presented in Chapter Two), EEG recording is 
introduced during performance of the landmark task with both long and short lines 
in order to reveal the neural correlates of the effect of line length.  
 
In experiment three (presented in Chapter Three) the development of spatial bias 
with healthy aging is investigated through a comparison of young and elderly 
participants‟ landmark task performance. Again, the line length manipulation was 
employed in order to assess the relationship between the modulators of line length 
and aging.  
 
Finally, the primary aim of experiment four (presented in Chapter Four) was to 
manipulate the direction of pseudoneglect displayed within participants through bi-
parietal tDCS in order to test the „interhemispheric competition‟ model of spatial 
attention (Kinsbourne, 1977). To do so, a close replication of Giglia et al., (2011) 
was performed but with the introduction of an additional reversed bi-parietal 
polarity tDCS condition, thereby allowing for identification of potential bi-directional 
shifts in spatial bias depending on tDCS-polarity. Additionally, the administered 
current strength was modulated between two groups (1mA v 2mA) in order to 
assess whether differential effects would be observed depending on the level of 
induced noise in interaction with the participant‟s performance level at baseline 
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(indexing the endogenous signal-to-noise ratio). This manipulation was adopted in 
order to test a recently proposed stochastic resonance model of NIBS action 
(Miniussi et al., 2013), the predictions of which, if found to be accurate, may 
facilitate the improvement of functional specificity in tDCS.  
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Chapter 1 
 
Stimulus-and state-dependence of systematic bias in spatial 
attention: Additive effects of stimulus-size and time-on-task 
 
Introduction 
 
The direction and magnitude of pseudoneglect has been suggested to vary 
systematically within participants as a function of a number of stimulus and context 
factors (Jewell & McCourt, 2000; McCourt, 2001; Failla et al., 2003; Pérez et al., 
2009; Heber et al., 2010 and Schmitz & Peigneux, 2011). The magnitude of the 
leftward bias in line bisection tends to decrease as a function of decreasing line 
length and has been reported to „cross-over‟ to become a bias in the opposite, 
rightward direction in very short lines (<2 cm) (McCourt & Jewell, 1999; Rueckert 
et al., 2002). Previous studies investigating the robustness of this line length effect 
in normal participants display mixed findings, though differing bisection tasks and 
experimental designs have been employed (Manning et al., 1990; Luh, 
1995; Laeng et al., 1996; McCourt & Jewell, 1999; Jewell & McCourt, 
2000; Mennemeier et al., 2001; Mennemeier et al., 2002; Rueckert et al., 
2002; Varnava et al., 2002 and Heber et al., 2010). The most commonly employed 
tasks include the landmark task, a perceptual line bisection judgement task 
designed to dissociate the contribution of perceptual and motor factors (Milner 
et al., 1992; Harvey et al., 2000 and Olk & Harvey, 2002), and manual line 
bisection, of which the former shows more reliable cross-over with short lines 
(Rueckert et al., 2002) suggesting perceptual bisection tasks to be optimal for 
detection of the line length effect in healthy participants. 
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Besides stimulus factors, arousal level also seems to influence spatial bias, with 
leftward bias associated with states of relatively high alertness and rightward bias 
associated with states of low alertness or fatigue (Bellgrove et al., 2004; Manly 
et al., 2005; Fimm et al., 2006 and Matthias et al., 2009; though see Schmitz et al. 
(2011) for conflicting results with the landmark task). In addition, left- to rightward 
shifts in line bisection judgement have been observed over the course of 
prolonged performance of the landmark task. This has been labelled the „Time-on-
task‟ effect (Manly et al., 2005; Dufour et al., 2007). These intra-individual 
variations indicate that visuospatial bias is a dynamic phenomenon fluctuating over 
time and depending on context. The aim of the present study was to probe models 
of spatial attention as to their ability to explain the cross-over effect using time-on-
task as an experimental manipulation, detailed below. 
 
All influential models of spatial attention assume contribution of both the RH and 
left hemisphere (LH) to orienting towards the contralateral visual fields, although to 
different extents (e.g., Kinsbourne, 1970; Heilman and Van Den Abell, 1980; 
Mesulam, 1981; Corbetta & Shulman, 2002; 2011; Duecker & Sack, 2015). In line 
with these models, predominant RH-activation during line bisection tasks (Fink 
et al., 2000a; Fink et al., 2000b; Foxe et al., 2003 and Waberski et al., 2008) may 
induce an attentional bias towards the left side of the line, thereby increasing its 
perceived length relative to the right side and shifting the perceived midpoint to the 
left of veridical centre (Bultitude & Aimola-Davies, 2006). How can the left- to right 
cross-over from long to short lines then be explained? One model suggests that 
cross-over results from the leftward attentional asymmetry coupled with a 
previously reported, general tendency to underestimate the absolute length of long 
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lines and to overestimate the absolute length of short lines (Werth & Poppel, 1988; 
Tegner & Levander, 1991). This orientation/estimation hypothesis (Mennemeier 
et al., 2005) posits that once attention is preferentially oriented to one end of a line 
(typically the left), underestimating the absolute length of long lines leads to the 
bisection mark being placed short of veridical centre (i.e., to the left), whereas 
overestimating the absolute length of short lines leads to the bisection mark being 
placed beyond veridical centre (i.e., to the right). An alternative model suggests 
that task specific hemispheric dominance for line bisection may switch from the 
RH in long lines to the LH in short lines. A potential mechanism for this may be 
RH-dominance for lower spatial frequencies and/or global perception, in contrast 
to LH-dominance for higher spatial frequencies and/or local perception (Sergent, 
1982; Ivry & Robertson, 1998; Monaghan & Shillcock, 2004 and Flevaris et al., 
2011). Behavioural dissociations have been found in bisection tasks when 
participants were directed to focus on either the local or global elements of the 
stimulus respectively, and these differences have been suggested as a possible 
explanation for the line length effect (Hughes et al., 2005; Gallace et al., 2008). I 
call this the “Local/Global” hemispheric specialization hypothesis. Importantly, 
these models lead to different predictions as to the outcome of time-on-task on 
bisection judgement performance in long versus short lines. 
 
The time-on-task modulation of attentional bias by arousal level has been 
interpreted to represent an interaction between orienting and arousal networks in 
the RH, which biases attention towards the left visual field in states of high 
alertness but results in a reduction or even reversal of this bias as RH-activation 
decreases with reduced alertness/increasing fatigue (Corbetta et al., 2005; Manly 
et al., 2005; Fimm et al., 2006 and Dufour et al., 2007). To date, the time-on-task 
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effect in the landmark task has only been investigated using relatively long lines 
(Manly et al., 2005; Dufour et al., 2007). Here the influence of time-on-task on 
midpoint judgements in short (1 cm) as well as long lines (29 cm) is investigated 
for the first time. The models above would predict the following outcomes. Under 
both the orientation/estimation hypothesis and the “local/global” hemispheric 
specialization hypothesis, long and short lines should differ in directional bisection 
errors, with more leftward bias in long than short lines (line length effect) at the 
beginning of the experiment (high alertness). Under the orientation/estimation 
hypothesis, a rightward shift in spatial bias over the course of the experimental 
session should lead to a reversal of the direction of cross-over. Once attention is 
shifted rightwards (time-on-task effect), underestimating the length of long lines 
should lead to the bisection mark being placed short (i.e., to the right) of veridical 
centre. In contrast, overestimation of short lines should lead to the bisection mark 
being placed beyond (i.e., to the left of) veridical centre. Under the “local/global” 
hemispheric specialization hypothesis, one would expect decreasing alertness and 
thus RH-depletion to primarily affect the bisection of long but not short lines (due 
to RH-dominance for long line but LH-dominance for short line processing), 
therefore leading to a rightward shift primarily in long but not short lines. These 
predictions were tested by assessing line bisection biases for short and long lines 
in the landmark task at the beginning and end of the experimental session, before 
and after an extended practice period (about 1 h time-on-task) in which 
participants performed the task either exclusively on long lines or on short lines 
(group design). 
 
 
 
33 
 
Method 
 
Participants 
Thirty-two right-handed participants (18 male, 14 female, mean age = 22.32 years, 
standard deviation (SD) = 2.6) took part in the experiment. Written informed 
consent was obtained from each participant. All participants were volunteers naive 
to the experimental hypothesis being tested. All participants had normal or 
corrected-to-normal vision and reported no history of neurological disorder. The 
experiment was carried out within the School of Psychology at the University of 
Glasgow and was approved by the local ethics committee. 
 
Instrumentation and stimuli 
Stimuli were presented using the E-Prime software package (Schneider et al., 
2002) on a CRT monitor with a 1280 × 1024 pixel resolution and 85 Hz refresh 
rate. Adapted from McCourt (2001), the paradigm represented a computerized 
version of the landmark task. Lines of 100% Michelson contrast were presented on 
a grey background (luminance = 179, hue = 179). Figure 1 shows examples of line 
stimuli used in the experiment. Two different lengths of line were presented. „Long‟ 
lines measured 29 cm in length by .5 cm in height and at a viewing distance of 
108 cm subtended 15.3° (width) by .39° (height) of visual angle. At the same 
viewing distance, „Short‟ lines measuring 1 cm x .5 cm subtended .531° by .39° of 
visual angle. Both long and short lines were transected at 1 of 29 points ranging 
from ±4.6% of absolute line length to veridical centre. All lines were displayed with 
the transector location centred on the vertical midline of the display (i.e., aligned to 
a central fixation cross which preceded the presentation of the lines, see below). 
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Experimental groups 
Participants were randomly split into two experimental groups of 16, a long-line 
prolonged (LP) time-on-task group (LP Group: 8 male, 8 female) and a short-line 
prolonged (SP) time-on-task group (SP Group: 10 male, 6 female). The LP Group 
performed the landmark task with long lines during the extended performance 
(time-on-task) period, whilst the SP Group performed it with short lines during the 
extended performance period. This was the only difference between groups as the 
experimental procedure was identical in every other way. 
 
Procedure 
At the beginning and end of the experimental session, all participants completed 
the Stanford Sleepiness Scale (Hoddes et al., 1973), a subjective measure of 
alertness ranging from 1 (fully alert) to 7 (asleep). Participants were then seated 
108 cm from the screen and their midsagittal plane aligned with the display 
monitor. Viewing distance was kept constant using a chin rest. 
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Figure 2.  A Schematic representation of the trial procedure. Following 1000 ms presentation of a fixation cross, 
transected lines (of differing lengths in experiments 1 & 3, only long in experiment 4) were presented for 150 ms before 
reappearance of the fixation cross on the screen until the subject responded, by pressing either the left or right 
(shorter/longer?) response key. The subsequent trial began as soon as the response was made. 
 
Each experimental block consisted of 232 trials (eight judgements at each of the 
29 transector locations). Each trial began with presentation of a fixation cross [.39° 
(height) × .39° (width) of visual angle] for 1 sec followed by presentation of the 
transected line (150 msec) (see Figure 2). The transection mark was always 
aligned with the fixation cross (i.e., the eccentricity of the line endpoints varied 
across trials while the transection point always appeared at the same central 
position), therefore preventing use of the position of the fixation cross relative to 
the bisection mark as a reference point for bisection judgements. A blank grey 
screen followed for the response period during which participants indicated which 
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end of the line the transection mark had appeared closest to by pressing either the 
left or right response key. Participants always responded using their dominant right 
hand (right index and middle finger respectively). The subsequent trial began as 
soon as the response was made. Participants were instructed to hold their gaze on 
the centre of the screen throughout each trial. Trials lasted approximately 2 sec 
with each block lasting 6–7 min. Trial type (location of transector in line) was 
selected at random. A block of 20 practice trials was performed immediately prior 
to the beginning of the experimental blocks. 
 
 
Figure 3. A schematic representation of the experimental procedure. Each block lasted approximately 6–7 min. Initially, 
both groups performed the landmark task in one block of long lines and one block of short lines (pre-practice blocks), the 
order of which was counterbalanced. During blocks 3–8 (extended time-on-task period), the LP Group performed the task 
exclusively with long lines and the SP Group exclusively with short lines. In the final two blocks (post-practice blocks), the 
LP Group performed first a block of long then short lines and the SP Group first a block of short then long lines. The order 
was deliberately not counterbalanced to maximize time-on-task in the practiced line length condition. 
 
Each participant performed 10 blocks of the landmark task 
altogether. Figure 3 shows a schematic representation of the experimental 
procedure. Initially, both groups performed one block of long lines and one block of 
short lines (the order of which was counterbalanced across participants) to assess 
baseline performance (pre-practice blocks 1–2). During the middle blocks 3–8 
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(extended time-on-task period), the LP Group performed the task exclusively with 
long lines and the SP Group exclusively with short lines. In the final two blocks 
(post-practice blocks 9–10), both groups performed again one block of long and 
one block of short line bisection. Note that in these blocks the order of line length 
performance was not counterbalanced in order to maximize time-on-task in the 
practiced line length condition in each group (i.e., the LP Group finished with one 
block of long and then short lines, while the SP Group finished with one block of 
short then long lines). Participants were allowed to take as long a break as they 
wished between blocks. The entire experiment lasted approximately 70–80 min. 
 
Analysis 
In order to obtain an objective measure of perceived line midpoint for each block in 
each subject, psychometric functions (PFs) were derived using the method of 
constant stimuli. The dependent measure was the proportion of trials on which 
participants indicated that the transector had appeared closer to the left end of the 
line. Non-linear least-squares regression was used to fit a cumulative logistic 
function to the data for each block in each subject and to the group averaged 
proportion of left responses for each block. The cumulative logistic function is 
described by the equation: 
f (μ,x,s) = 1/(1+exp((x−μ)/s))) 
where x are the tested transector locations, μ corresponds to the x-axis location 
with a 50% „left‟ and 50% „right‟ response rate and s is the estimated width of the 
psychometric curve. The 50% location is known as the point of subjective equality 
(PSE) and represents an objective measure of perceived line midpoint. The width 
of the PF provides a measure of the precision of participants‟ line midpoint 
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judgements per block. Inferential statistical analyses were performed on the 
individually fitted PF PSE values and estimated widths, as well as the Stanford 
Sleepiness Scale ratings. 
 
Results 
 
Subjective alertness 
Stanford Sleepiness Scale ratings confirmed a reduction in subjective alertness 
over the course of the experimental session, with the overall mean score on the 
Stanford Sleepiness Scale increasing from 2.5 to 4.2. A 2 (pre vs post 
experiment) × 2 (group) factorial analysis of variance (ANOVA) confirmed a main 
effect of time-on-task on sleepiness rating [F(1, 30) = 32.869, p = .000] 
independently of group [no interaction between group and time-on-task: F(1, 
30) = .619, p = .438]. 
 
Psychometric functions and subjective midpoint 
Figure 4A presents group averaged PFs for both experimental groups at each line 
length both prior to and post extended time-on-task. Filled symbols plot mean 
percent left responses (±1 standard error (SE)) as a function of transector location. 
The smooth curves represent the best-fitting least-squares cumulative logistic PFs. 
Vertical dotted lines indicate the transector location corresponding to the 50% 
response rate (PSE) as specified for each condition adjacent to the line (in % 
absolute line length from veridical centre). Open symbols plot the mean PSE‟s 
(and 95% confidence intervals – CIs) of PFs fitted to the individual participants‟ 
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data for each block. These are in close agreement with the group averaged PF 
PSE‟s. 
 
 
Figure 4. Line bisection performance. (A) Group averaged pre and post extended-practice PFs. The four panels to the 
left plot data for the LP Group and the four to the right the SP Group. Filled symbols plot mean % left responses (±1 SE) as 
a function of transector location. The smooth curves represent the best-fitting least-squares cumulative logistic PFs. 
Horizontal dotted lines indicate the 50% response rate. Vertical dotted lines indicate the transector location corresponding to 
40 
 
the 50% response rate (PSE). Open symbols plot the mean PSE‟s (and 95% CIs) obtained from PFs fitted to the individual 
participants‟ data as specified for each condition adjacent to the vertical dotted line (in % absolute line length from verid ical 
centre). These are almost identical to the group averaged PSE‟s. Line length is displayed in the top right hand corner of 
each panel. (B) Group averaged PSE‟s (±1 SE) for each block of the experimental session. Data for the LP Group are 
plotted on the left and the SP Group on the right. Grey filled bars represent long line blocks and white filled bars short line 
blocks. (C) Group averaged width of the PF (±1 SE) for each block of the experimental session. Data for the LP Group are 
plotted on the left and the SP Group on the right. 
 
In line with previous studies of pseudoneglect, mean PSE in the LP Group at the 
beginning of the experiment (pre-practice, Fig. 4A, 1st column) was displaced in 
the long lines to the left of veridical centre by −.42% (Fig. 4A: 1st column, upper 
row), and this leftward bias was significantly different from veridical midline (0%) 
(as the 95% CI does not overlap veridical centre, see Fig. 4A, 1st column) (Group 
averaged PF PSE: −.43%). In short lines in contrast, the pre-practice PSE was 
displaced slightly to the right of veridical centre by +.03% (Fig. 4A: 1st column, 
lower row), but this was not significantly different from veridical midline (95% CI 
overlaps veridical centre) (Group averaged PF PSE: +.024%). In the final two 
blocks after extended LP (post-practice, Fig. 4A, 2nd column), mean PSE in the 
long lines was displaced to the right by +.14% (Fig. 4A: 2nd column, upper row), 
not different anymore from veridical midline (the 95% CI overlaps) (Group 
averaged PF PSE: +.14%), which indicates a rightward shift of +.56% in subjective 
midpoint in long lines from pre- to post-practice (−.42% to +.14%). In the short 
lines, mean post-practice PSE was to the right of veridical centre by +.64% 
(Fig. 4A: 2nd column, lower row), significantly different from veridical midline (95% 
CI not overlapping veridical centre) (Group averaged PF PSE: +.7%), indicating a 
reliable rightward bias beyond veridical midline (i.e., cross-over), and a rightward 
shift of +.61% in subjective midpoint in short lines from pre- to post-practice 
(+.03% to +.64%). 
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In the SP Group, mean pre-practice PSE in the long lines was significantly 
displaced to the left of veridical centre by −.35% (Fig. 4A: 3rd column, upper row; 
95% CI not overlapping veridical centre) (Group averaged PF PSE: −.36%). In 
short lines, mean pre-practice PSE was displaced slightly but not significantly to 
the right by +.1% (Fig. 4A: 3rd column, lower row; 95% CI does overlap veridical 
centre) (Group averaged PF PSE: +.1%). This reproduces the pre-practice pattern 
found in the LP Group. However in contrast to the LP Group, in the final two blocks 
of the experimental session, mean post-practice PSE in the long lines remained 
displaced to the left by −.26% (weak change of +.09% from −.35% to −.26% pre- 
to post-practice, with the 95% CI however overlapping veridical centre) (Group 
averaged PF PSE: −.23%). Similarly, in the short lines, mean post-practice PSE 
remained stable, being slightly but insignificantly displaced to the right of veridical 
centre by +.08% (weak change of −.02% from +.1% to +.08% pre- to post-practice, 
with the 95% CI also overlapping veridical centre) (Group averaged PF PSE post-
practice: +.07%). 
 
A 2 (Group: SP vs LP) × 2 (time-on-task: pre- vs post-practice) × 2 (line length: 
long vs short) Factorial ANOVA on individually fitted PF PSE‟s revealed a 
significant main effect of line length [F(1, 30) = 5.235,p = .029], a significant main 
effect of time-on-task (pre vs post) [F(1, 30) = 5.030, p = .032], no significant main 
effect of group [F(1, 30) = .508, p = .482], but a significant time-on-task × group 
interaction [F(1, 30) = 5.149, p = .031]. No other significant interaction was 
observed. The overall subjective midpoint was significantly more to the left in the 
long lines than in the short lines (as indexed by the PSE‟s), indicating an offset of 
bias from long to short lines. Analysis of simple main effects for exploring the 
interaction term (paired-sample t-tests performed between pre and post-practice 
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subjective midpoint collapsed across line lengths within each group) revealed no 
statistically significant difference between pre and post-practice subjective 
midpoints in the SP Group [t(15) = .019, p = .981]. In contrast, the LP Group 
showed a statistically significant difference, characterized by a shift to the right in 
mean subjective midpoint from pre- to post-practice [t(15) = −3.132, p = .007], 
indicating time-on-task effects (irrespective of both long and short lines). 
 
In Fig. 4B, individually fitted mean PSE‟s (% of absolute line length re veridical 
±1 SE) are plotted as a function of block rank (including the middle practice blocks 
3–8), clearly illustrating the systematic rightward shift in subjective midpoint 
throughout the experimental session for both line lengths in the LP Group (left 
panel). In contrast, the error pattern in the SP Group (right panel) deviated little 
throughout. Linear regression analysis performed exclusively on extended 
performance within each group (long lines in the LP Group, short lines in the SP 
Group) revealed a statistically significant linear relationship between block rank 
and PSE in the LP Group (r2 = .833 [F(1, 7) = 29.873, p = .002]) but no statistically 
significant relationship in the SP Group (r2 = .306 [F(1, 7) = 2.642, p = .155]). 
 
Fig. 4C plots the mean widths of the individually fitted PFs (% absolute line length 
±1 SE) for each block of the experimental session (LP Group on left, SP Group on 
right). Both groups displayed a slight increase in curve width over the course of the 
experimental session. A 2 (Group) × 2 (time-on-task) × 2 (line length) Factorial 
ANOVA confirmed a main effect of time-on-task on curve width [F(1, 
30) = 5.069, p = .032] but no other main effects or interactions. 
 
 
43 
 
Discussion 
 
The results of experiment 1 highlight the dynamic nature 
of visuospatial attentional bias in healthy young participants. The direction and 
magnitude of bias displayed on a landmark task can be modulated by both line 
length and time-on-task within participants, suggesting that systematic attentional 
bias does not represent a static trait within individuals, but fluctuates over time and 
depends on context and stimulus characteristics. The results replicate those of 
previous studies that have found a slight but consistent overall leftward bias on the 
landmark task in long lines (McCourt, 2001; McCourt & Jewell, 1999; Rueckert 
et al., 2002 and Schmitz et al., 2011) an effect of line length on subjective line 
midpoint in healthy participants (McCourt & Jewell, 1999; Mennemeier et al., 
2002; Rueckert et al., 2002 and Heber et al., 2010), and a time-on-task effect 
consisting of a left- to rightward shift in subjective midpoint after prolonged practice 
on long lines (Manly et al., 2005; Dufour et al., 2007), here after approximately 1 h 
of task performance. In addition, it is shown for the first time that this time-on-task 
effect transferred to un-practiced short lines (i.e., is additive across long and short 
lines), indicating a common denominator of line bisection performance on both 
long and short lines, and speaking against models which assume distinct 
processes (such as orientation/estimation or Local/global distinction). Finally, there 
was no time-on-task effect when participants practiced extensively on short lines, 
in spite of a similar decrease in subjective alertness over the course of the 
experimental session. This suggests that the time-on-task effect is not specific to 
declining alertness per se, but only shows with specific stimulus characteristics 
(long lines). Firstly, I discuss accounts of the time-on-task effect, before 
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interpreting the line length effects observed on midline judgement in the light of 
current models of spatial attention. 
 
Time-on-task effect: no evidence for the general vigilance account but for 
stimulus-specific neuronal fatigue 
Models of pseudoneglect in healthy participants emphasize RH-dominance in 
spatial attention and/or associated connectivity patterns as important factors 
contributing to the general leftward advantage (e.g., Reuter-Lorenz et al., 
1990; Foxe et al., 2003; Thiebaut de Schotten et al., 2005; Bultitude & Aimola-
Davies, 2006 and Siman-Tov et al., 2007). It is possible that this advantage is 
facilitated in states of high alertness by interactions between alerting and orienting 
networks in the RH (Sturm & Willmes, 2001; Corbetta & Shulman, 2002 and Sturm 
et al., 2004). It follows that with increasing fatigue, this advantage may reduce and 
even reverse, thereby explaining the rightward shift in attentional bias observed 
with temporary and chronic reduced arousal (Bellgrove et al., 2004; Manly et al., 
2005; Fimm et al., 2006; Dufour et al., 2007; Robertson & Manly, 1999; Lazar 
et al., 2002; Matthias et al., 2009; De Gutis & Van Vleet, 2010 and Chica et al., 
2012). Previous studies on the reduction or reversal of pseudoneglect (i.e., the 
left- to rightward bias) over the course of 40–60 min of landmark task performance 
have focused on long lines (Manly et al., 2005; Dufour et al., 2007). Here, it is 
shown that this effect depends on line length during continuous performance, but 
that the reduction in subjective alertness does not (alertness was equally reduced 
over the course of the session irrespective of line length). This is in line 
with Schmitz et al. (2011) who found that sleep deprivation under controlled 
conditions did not induce a consistent shift in landmark task midpoint estimation 
within participants, suggesting that it is not simply a reduction in general arousal 
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that underlies the time-on-task effect. One potential explanation is that bisection of 
long lines may require more RH attentional resources than bisection of short lines. 
Because long lines extend into peripheral portions of both visual fields, they likely 
lead to a stronger need for integration of information from the periphery of both 
visual fields for task performance, and/or require maintaining a larger spotlight of 
attention. As a result, bisection of long lines is likely to be more taxing, and 
therefore may deplete neuronal resources for attention orienting faster than short 
lines. 
 
Therefore, the time-on-task effect may be better explained by a neuronal fatigue 
account (than a general vigilance account), in which the neuronal resources for 
line bisection (likely engaging more the RH than the LH) become differentially 
depleted as a function of line length. This neural fatigue may not be indexed by a 
measure of subjective arousal level such as the Stanford Sleepiness Scale. This 
would overlap with the vigilance account in that it is a RH resource which 
decreases with fatigue (hence causes the rightward shift in attentional bias), but 
differs from the vigilance account in that it would be the resources that govern 
spatial attention per se which are affected, not necessarily in interaction with other 
RH functions. 
 
Line length effect: no evidence for orientation/magnitude estimation account 
Mennemeier et al. (2005) account for cross-over from long to short lines by 
positing a bias in magnitude estimation in addition to an attentional bias. The 
current results do not fit this hypothesis. Instead of the additive effect of time-on-
task (rightward shift) irrespective of line length observed here (long line practice) 
the orientation/estimation hypothesis would predict an interaction of time-on-task 
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and line length. That is, rightward orienting shifts should place subjective 
midpoints in long lines to the right (previously left) as a result of a tendency to 
underestimate line length associated with long lines; and should place midpoints of 
short lines to the left (previously right) because of overestimation of short line 
length. In fact the opposite was observed here, as post-practice mean subjective 
midpoints were actually biased further to the right (in % of absolute line length) in 
the short lines than in the long lines. 
 
This suggests that the orientation/estimation hypothesis does not capture „cross-
over‟ behaviour in landmark task performance of a sample of young healthy 
participants. It has to be noted however that validation studies of this hypothesis 
have been limited to manual line bisection and reproduction tasks (in which line 
lengths are estimated and drawn from memory) in neglect patients and elderly 
controls (Mennemeier et al., 2005). It is therefore conceivable that accounts of line 
length effects may differ as a function of task demands and the studied population. 
 
Line length effect: no evidence for the local/global hemispheric 
specialization account 
The “local/global” hemispheric specialization hypothesis of the line length effect is 
based on previous research which has established functional hemispheric 
asymmetries in global (RH dominant) versus local (LH dominant) object 
processing (Sergent, 1982; Flevaris et al., 2011). The hypothesis posits that the 
leftward bias for bisection of long lines versus the rightward bias for bisecting short 
lines may originate from a RH/LH processing advantage for low/high spatial 
frequencies and/or global/local stimulus aspects (Monaghan & Shillcock, 2004; 
Gallace et al., 2008). This hypothesis would predict that as neuronal fatigue of 
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attention resources increases, or general vigilance decreases (both cases being 
associated with a RH-depletion with time-on-task), long and short line bisection 
should not be affected to the same extent because of differential RH- versus LH-
contribution to long and short line processing. While subjective midpoint should 
shift more rightwards in long lines (task-relevant RH resource becomes depleted), 
subjective midpoint in short lines should be less affected (because RH contributes 
less to short line judgement). Again, this would predict an interaction between 
time-on-task and cross-over, not the observed additive effect. The current data 
therefore also speak against this hypothesis, at least as an account of the line 
length effect. Though it may be argued that the use of only two line lengths in the 
current study represents a limited range, the length of the short lines (1 cm, .531° 
of visual angle) was well within the range of those previously found to induce a 
reversal of bias compared to long lines (see McCourt & Jewell, 1999 and Rueckert 
et al., 2002 where cross-over occurred at about 2–4°). Therefore, and because 
significant differences between long and short line bisection performance were 
observed here, as well as cross-over in short lines with time-on-task, it appears 
that the chosen line lengths were appropriate for testing and discarding the 
local/global hypothesis as an origin of the line length effect. 
 
Alternative models explaining the line length effect 
The current findings show that spatial bias modulates with state factors (time-on-
task) and stimulus characteristics (line length). Moreover, because state- and 
stimulus-dependent changes were additive, it is concluded that one common 
process controls attentional bias under all tested conditions. 
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But how can a general offset in bias between long and short line bisection be 
reconciled with a unitary mechanism controlling line bisection under both 
conditions? If a common mechanism is to explain this offset (as suggested by the 
findings), this mechanism should then affect long lines more strongly than short 
lines due to some particular stimulus characteristics. The most straightforward 
candidate mechanism is that long line bisection may tap more into RH attentional 
resources, because of the need to integrate information from bilateral peripheral 
visual fields, or a large spotlight of attention (see also discussion of the time-on-
task effect above). As a result, RH resources may in general be more activated 
with long than short lines, hence leading to a leftward shift. A second candidate 
mechanism is bilateral attentional competition, which should increase with 
increasing line length and therefore bilateral peripheral stimulation. In neglect 
patients, the level of inter-hemispheric competition exacerbates attentional 
imbalance (Doricchi et al., 2005; Urbanski & Bartolomeo, 2008; Bonato et al., 
2010 and Charras et al., 2010) with right-sided stimuli having a negative impact on 
the processing of left-sided stimuli (Posner et al., 1984; Baylis et al., 
1993; Urbanski & Bartolomeo, 2008 and Charras et al., 2010). If this extinction-like 
behaviour flips side in healthy participants (as does pseudoneglect), then 
extinction would occur more for right parts of the visual field during bisection of 
long lines leading to a more consistent leftward bias. This may occur to a much 
lesser extent with short lines, due to the lack of peripheral extensions of the lines. 
 
Such attentional accounts of the line length effect have been formalized 
by Anderson (1996). In this mathematical model, observers bisect lines at the 
point at which the „salience‟ of the two ends of a line are perceived to be equal, 
where salience is mapped to spatial location along the left-right continuum through 
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the combined contribution of the left and right hemispheric attentional systems, 
each modelled independently. As a result, perceived salience (and subjective 
length) of each half of a line depends on how far the line extends into the visual 
field and on the modelled hemispheric contributions. Anderson (1996) showed that 
his model can explain cross-over for long versus short lines in neglect patients, 
and accordingly that purely attentional accounts may provide a unitary explanation 
for line length effects. In contrast to such purely attentional accounts, Savazzi 
et al., (2007) and Savazzi, (2008) have shown that a general left-right distortion of 
the mapping of external space onto an internal representation (spatial anisometry 
in neglect: Milner et al., 1993; Milner & Harvey, 1995; Bisiach et al., 
1998 and Bisiach et al., 1999) may provide the basis for a unitary explanation of 
the line length effects in neglect patients, and possibly pseudoneglect in healthy 
subjects (though see Doricchi et al., 2008 and Binetti et al., 2011 for results 
contrary to the space anisometry account of cross-over). 
 
Irrespective of what mechanism may explain the offset of line midpoint with line 
length, the current data provide further arguments that line bisection in healthy 
participants is governed by one mechanism, and that stimulus-dependent biases 
in line bisection are determined by how these stimulus characteristics deploy this 
common mechanism (rather than by distinct processes). Under this model, any 
change in attentional bias (e.g., with time-on-task) would transfer to both long and 
short lines. 
 
Note on learning as a confound of the time-on-task effect 
The rightward shifts of pseudoneglect with time-on-task have been discussed 
above in terms of a shift in attentional bias or spatial distortions. Could some of 
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these changes in line bisection behaviour simply be explained by the participants 
becoming more accurate in line bisection performance over time (progressively 
converging from pseudoneglect to veridical midline judgment)? There are several 
aspects in the data that clearly do not support an interpretation of the time-on-task 
effect in terms of learning. Firstly, the rightward shift in subjective midpoint with 
extended time-on-task in the long lines transferred to post-practice performance in 
the un-practiced short lines. Secondly, psychometric curve widths, which provide a 
measure of the precision of participants‟ line midpoint judgements, increased with 
extended time-on-task revealing that participants did not become more accurate in 
their performance. Thirdly, reduced response consistency and increased variability 
in performance alone cannot explain the observed systematic rightward shift, since 
both the long and short line practice groups displayed an increase in curve width 
over the blocks of the experimental session, yet only the long line practice group 
displayed a shift in subjective midpoint. Fourthly, the observed shift cannot be 
attributed to the uni-manual (right hand) response across the experimental session 
since the shift occurred in one group only. Finally, in one condition (short line 
performance after long line practice), the rightward shift led to a cross-over effect 
crossing the veridical midline, i.e., to systematic overshoot (opposite directional 
error) relative to accurate performance. 
 
Conclusion 
The current findings emphasize the dynamic nature of subjective midpoint 
judgement in healthy participants suggesting that both line length and time-on-task 
can influence performance in the landmark task. The results add further weight to 
an interpretation of the time-on-task effect in pseudoneglect as representing an 
endogenous shift in attentional bias, rather than learning, and best fit a model 
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which takes into account the dynamic nature of spatial attention and emphasizes a 
common mechanism for the control of long and short line bisection despite the line 
length effect, i.e., a systematic offset in subjective midline judgement of long and 
short lines. 
 
In order to further elucidate the mechanisms and neural correlates of the line 
length effect, in the following chapter (using the same stimuli as in experiment 1) I 
will compare event-related potentials between long and short line landmark task 
performance. 
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Chapter 2 
 
On the neural origin of pseudoneglect: EEG-correlates of shifts in 
line bisection performance with manipulation of line length 
 
Introduction 
 
As reviewed in the General Introduction, numerous lesion and neuroimaging 
studies have suggested visuospatial attention processing to be predominantly 
lateralized to the right hemisphere (RH) of the human brain  (Driver & Mattingley, 
1998; Halligan et al., 2003; Harvey & Rossit, 2012; Karnath & Rorden, 2012; Mort 
et al., 2003; Parton et al., 2004;  Vallar, 1998; Cai et al., 2013; Cavezian et al., 
2012; Çiçek et al., 2009; Fierro et al., 2001; Fink et al., 2000a; Fink et al., 
2000b; Fink et al., 2001; Foxe et al., 2003; Thiebaut de Schotten et al., 2005; 
Thiebaut de Schotten et al., 2011 and Waberski et al., 2008) and this lateralization 
is thought to underlie pseudoneglect. As evidenced by the results of experiment 
1, the degree of lateralized bias in visual processing is subject to dynamic changes 
within participants, being modulated by experimental manipulation of non-spatial 
attentional factors such as time-on-task/arousal level (Bellgrove et al., 
2004; Benwell et al., 2013b; Dodds et al., 2008; Dufour et al., 2007; Fimm et al., 
2006; Manly et al., 2005; Matthias et al., 2009, Newman et al., 
2013 and Robertson et al., 1998) and/or attentional/perceptual load (Bonato et al., 
2010; Peers et al., 2006; Perez et al., 2008; Perez et al., 2009 and Vuilleumier et 
al., 2008). With regard to non-clinical participants, prolonged time-on-task, 
reduced arousal and increased perceptual load all tend to result in a rightward shift 
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in spatial bias and hence attenuation of the typical left bias (Bellgrove et al., 
2004; Benwell et al., 2013b; Dodds et al., 2008; Dufour et al., 2007; Fimm et al., 
2006; Manly et al., 2005; Matthias et al., 2009; Newman et al., 2013; Perez et al., 
2008 and Perez et al., 2009). The rightward shift has been attributed to an 
interaction between spatial and non-spatial attention functions in the RH, localized 
respectively to the dorsal frontoparietal attention network (engaged in the control 
of spatial attention) and the ventral frontoparietal attention network (engaged in the 
maintenance of arousal and the detection of novel/salient stimuli). Depletion of 
processing capacity in the right lateralized ventral network under conditions of low 
arousal and/or high attentional load is postulated to reduce the left visual field 
advantage by causing right dorsal network downregulation (Corbetta and 
Shulman, 2002; 2011; Newman et al., 2013), though the results of experiment 1 
suggest that reduced arousal alone may not explain the rightward shift in bias as 
the time-on-task effect was stimulus-dependent.  
 
As shown in experiment 1, another factor which modulates the magnitude of bias 
(associated with line bisection decisions) is the length of the to-be-bisected line, 
again both in neglect patients (Anderson, 1996; Anderson, 1997; Harvey et al., 
1995; Mennemeier et al., 2005; Monaghan and Shillcock, 1998 and Ricci and 
Chatterjee, 2001) and non-clinical samples (Heber et al., 2010; McCourt & Jewell, 
1999; Mennemeier et al., 2005; Rueckert et al., 2002 and Thomas et al., 2012). 
Recent studies in healthy participants, employing a perceptual computerized line 
bisection task (the landmark task (Harvey et al., 2000; Milner et al., 1992 and Olk 
and Harvey, 2002)), have shown that while long lines (subtending > 6° horizontal 
visual angle (VA) in length) induce a systematic (usually left) bias, short lines 
(subtending < 2° VA) induce no such consistent bias (experiment 1, Heber et al., 
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2010 and Thomas et al., 2012) or can even be associated with a significant right 
bias when combined with manipulation of non-spatial attention through extended 
time-on-task (experiment 1). Hence, as with manipulation of non-spatial attention, 
manipulation of line length leads to a rightward shift in spatial bias. The line length 
effect has been hypothesized to arise from asymmetrical hemispheric 
contributions (RH > LH) to the perceived salience of visual stimuli that is more 
pronounced for peripheral stimuli or stimulus-parts stretching into the peripheral 
visual field, hence a left bias arises more prominently for long rather than short 
lines (Anderson, 1996; McCourt & Jewell, 1999; Monaghan & Shillcock, 
1998 and Monaghan & Shillcock, 2004). 
 
While a right hemispheric dominance in spatial attention and a left spatial bias in 
visual processing are well documented, and the attenuation of left visual field bias 
with depletion of right hemispheric function would suggest a close link, relatively 
little is known about the information processing stages during which the bias 
arises. Only a handful of electroencephalographic (EEG) studies have looked at 
the neural correlates of line bisection per se in healthy participants (Foxe et al., 
2003; Longo et al., 2015) and at the neural correlates of the above rightward shifts 
in bias in particular (for manipulation of time-on-task see Newman et al., 2013; for 
perceptual load see O'Connell et al., 2011 and Perez et al., 2009). Also, while 
spatial bias is shifting rightward with both manipulation of non-spatial attention 
(such as perceptual load and arousal) and stimulus properties (line length), it is 
unclear whether one common mechanism underlies both of these changes, or 
alternatively whether they are determined at distinct processing stages. Unlike for 
perceptual load (O'Connell et al., 2011; Perez et al., 2009), time-on-task (Newman 
et al., 2013) and viewing distance (Longo et al., 2015), to date the neural 
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correlates of the effect of line length have not been investigated empirically using 
EEG. Elucidating the neural correlates of different experimental manipulations of 
lateralised spatial bias within participants and whether these are driven by the 
same or different mechanisms should help in understanding more fully the 
functional architecture of the visuospatial attention system. 
 
In the present EEG study, the aim was to determine, for the first time, the neural 
correlates of the line length effect in healthy participants (rightward shift in line 
bisection performance with decreasing line length), and to interpret this in light of 
previous EEG studies on the neural correlates of line bisection performance per se 
(e.g. Foxe et al., 2003; Longo et al., 2015) and the rightward shift in spatial bias 
with manipulation of non-spatial attention (O'Connell et al., 2011). Foxe et al. 
(2003) investigated the event related potential (ERP) correlates of line bisection 
decisions and reported right lateralized activity with source estimates in temporo-
parietal junction (TPJ) during the early phase of bisection decisions (at the latency 
of the N1 component), followed by right superior parietal activity (in the vicinity of 
the intraparietal sulcus (IPS)), in good agreement with fMRI-signatures of 
landmark task processing (Cai et al., 2013; Cavezian et al., 2012; Çiçek et al., 
2009, Fink et al., 2000a; Fink et al., 2000b and Fink et al., 2001). O'Connell et al. 
(2011) examined the neural correlates of the rightward shift in bias with increased 
attentional load using ERPs. Employing a lateralized target detection paradigm 
with a simultaneous central alphanumeric target detection task, the authors 
manipulated the level of attentional load required at fixation. Compared to the low 
central load condition (unique feature detection), high central attentional load 
(detection of conjunction of features) led to an attenuation of the RH–N1 response 
to contralateral stimuli (O'Connell et al., 2011). Interestingly, the effect again 
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source-localized to regions of the right TPJ: a key node in the ventral frontoparietal 
attention network thought to determine spatial bias in interaction with the dorsal 
attention network (Corbetta & Shulman, 2002; 2011). The implication of the N1 
component in the genesis of the spatial bias is in line with previous single 
pulse transcranial magnetic stimulation (TMS) studies in healthy participants 
(Dambeck et al., 2006; Fierro et al., 2001) and ERP studies of 
altered visuospatial processing in neglect patients (Di Russo et al., 2008; Tarkka 
et al., 2011). Based on the above studies, it was hypothesized that attenuation of 
right lateralized TPJ-activity at the latency of the N1 component may also be a 
good candidate signature of the rightward shifts seen in line bisection with 
manipulation of line length. In line with this, the effect of line length was found to 
be reflected predominantly during the N1 over the RH in regions of the TPJ 
(source estimates). Furthermore, the data reveal how neural activity maps onto 
shifts in behavioral bias. The attenuation of the N1 component over the RH by line 
length (long v short) was found to correlate with the associated rightward shift in 
behavioral bias across participants. Hence, the neural correlates of rightward shifts 
in attention through manipulation of central attentional load (see O'Connell et al., 
2011) versus manipulation of line length (the present study) have much in 
common, both in terms of their anatomy (right TPJ) and timing (N1). Implications 
for understanding the processes involved in the rightward attentional shift with 
these manipulations are discussed. 
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Method 
 
Participants were asked to perform two tasks on lines of two different lengths: A) 
the landmark task and B) a control condition in which they simply indicated if the 
presented line was transected or not (task manipulation adopted from Foxe et al., 
2003 and Waberski et al., 2008). This served to examine the electrophysiological 
correlates of line bisection performance and differences in the bisection bias 
induced by the line length modulation. Note that the focus on the line length effect 
emphasizes the contrast between bisection of long lines and bisection of short 
lines (long minus short lines) within the same participant. As well as providing the 
means for investigating the neural correlates of the line length effect itself, this 
manipulation effectively corrects for individual factors influencing the EEG signal 
measured over the scalp (such as overall activation influenced by arousal level 
and individual differences in skull thickness and volume conduction). This 
correction is important as these factors may confound the scalp signals and render 
the comparison of ERP amplitudes between participants, and in particular brain–
behaviour correlations across participants, problematic. 
 
Participants 
Nineteen right-handed participants (14 male, 5 female, mean age = 24.14 years, 
max = 30 years, min = 20 years) received financial compensation for their 
participation in the experiment. However, due to poor behavioural performance on 
the landmark task (see the Behavioural analysis of landmark task 
performance section), 2 participants were excluded from the final analysis. Written 
informed consent was obtained from each participant. All participants were 
volunteers naive to the experimental hypothesis being tested. All participants 
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reported normal or corrected to-normal vision and no history of neurological 
disorder. The experiment was carried out within the Institute of Neuroscience and 
Psychology at the University of Glasgow and was approved by the local ethics 
committee. 
 
Instrumentation and stimuli 
Stimuli were presented using the E-Prime software package (Schneider et al., 
2002) on a CRT monitor with a 1280 × 1024 pixel resolution and 85 Hz refresh 
rate. The same long and short line landmark stimuli as in experiment 1 were 
used. Figure 5 shows a schematic of the trial procedure. At a viewing distance of 
100 cm, „long‟ lines subtended 15.3° (width) by .39° (height) VA. At the same 
viewing distance, „short‟ lines subtended 1° by .39° VA. For the line bisection task, 
lines were transected at 1 of 29 points ranging symmetrically from ± 4.36% of 
absolute line length to veridical center. All lines were displayed with the transector 
location centered on the vertical midline of the display (i.e., aligned to a central 
fixation cross which preceded the presentation of the lines, see below). For the 
non-spatial control task (judge whether line is transected or not), non-transected 
lines were intermixed with the same bisected lines used for the line bisection task. 
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Figure 5. A schematic of the trial procedure. Each trial was initiated by the appearance of a fixation cross for 1000 ms 
followed by presentation of the line stimulus for 150 ms followed by the fixation cross, which remained on the screen until 
the end of the trial. Participants were requested to delay their manual response for 1000 ms following the presentation of the 
stimulus in order to obviate for motor artifacts in the EEG signal. The onset of the response period was indicated by an 
auditory beep (100 Hz). In landmark task blocks, participants were asked to judge which end of the pre-transected line 
appeared shortest. The long line displayed is veridically transected but lines could be transected at any 1 of 29 points 
ranging symmetrically from ± 4.36% of absolute line length to veridical center. Long (15.3° × .39°) and short (1° × .39°) lines 
were presented in separate blocks. In control task blocks, 25% of the presented lines were not transected (plain white lines) 
and participants were asked to indicate whether the line was transected or not. 
 
Procedure and tasks 
Subjects were seated in a comfortable chair 100 cm from the display monitor, their 
midsagittal plane aligned with the centre of the screen. Subjects performed two 
different tasks during the experiment: the landmark task in which they were asked 
to judge which of two ends of a pre-transected line was shorter (left or right 
response) and a control task in which they were asked to judge simply whether a 
line was transected or not. Each subject performed 4 blocks overall (174–180 trials 
per block): 1 block of the landmark task with long lines (Long Line LM (LL LM)), 1 
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block of the landmark task with short lines (Short Line LM (SL LM)), 1 block of the 
control task (Long Line Control (LL C)) and 1 block of the control task with short 
lines (Short Line Control (SL C)). Each block took 8–10 min to complete. The order 
of block performance was counter-balanced across subjects. 
 
Landmark task 
During landmark task performance (both for long and short lines) (see also Fig. 5), 
each trial began with presentation of a fixation cross (.39° height × .39° width) for 
1 s followed by presentation of the transected line (150 ms). The transection mark 
was always aligned with the fixation cross (i.e., the eccentricity of the line 
endpoints varied across trials while the transection point always appeared at the 
same central position), therefore preventing use of the position of the fixation cross 
relative to the bisection mark, as a reference point for bisection judgments. 
Following the disappearance of the line, the fixation cross returned. Participants 
were instructed to delay their response for 1 s until they heard an auditory beep in 
order to obviate motor artifacts in the EEG signal. During the response period 
following the beep, participants indicated their judgment of which end of the line 
was shorter (which end of the line the transection mark appeared closest to) by 
pressing either the left or right response key on a keyboard. Participants always 
responded using their dominant right hand (right index and middle fingers 
respectively). Participants were instructed to hold their gaze on the center of the 
screen throughout each trial and to try to keep eye blinks/movements to a 
minimum. The subsequent trial began as soon as the response was made. Trials 
lasted between 2 and 3 s. Trial type (transector location) was selected at random 
within a block. During landmark task blocks, participants made 6 “left–right” 
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judgments at each transector location (29 locations) such that estimates of 
perceived line midpoint were based on 174 trials. 
 
Control task 
During control task performance (both for long and short lines), trial structure was 
identical to the landmark task (see Fig. 5). Each trial began with presentation of a 
fixation cross (.39° height × .39° width) for 1 s followed either by presentation of a 
transected line (75% of trials) or a line of the same length with no transection mark 
(25% of trials) for 150 ms. Following the disappearance of the line the fixation 
cross returned. Again, participants were instructed to delay their response for 1 s 
until they heard an auditory beep. During the response period following the beep, 
subjects indicated their judgment of whether the line had contained a transection 
mark or not, by pressing either the left (transection mark present) or right (no 
transection mark) response key on the keyboard. The subsequent trial began as 
soon as the response was made. Trials lasted 2–3 s. Trial type (transector location 
and line type (plain v transected)) was selected at random within a block. This 
control task has been employed previously to dissociate EEG activity related to 
line bisection performance from that of an attentionally demanding non-spatial 
judgment (Foxe et al., 2003 and Waberski et al., 2008) and allows for equivalent 
button presses during landmark and control task performance. Control blocks 
consisted of 176 trials. 
 
Behavioural analysis of landmark task performance 
In order to obtain an objective measure of perceived line midpoint for both long 
and short lines in each participant, psychometric functions (PFs) were derived 
using the method of constant stimuli (for details of the fitted cumulative logistic 
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function see Analysis section in the method of experiment 1). The width of the 
PF provides a measure of the precision of participants' line midpoint judgments per 
block. On the basis of extreme curve width values, two participants were excluded 
from further behavioural and EEG analyses: the curve widths of each of these 
subjects for both long and short lines were flagged as outliers by application of the 
median absolute deviation (MAD) rule for outlier detection. Inferential statistical 
analyses were performed on the individually fitted PF PSE values of the remaining 
17 subjects. To test for a systematic directional bias in each condition, long and 
short line PSE values were separately compared to 0 (representing the veridical 
centre of the line) using a nonparametric 1-sample Wilcoxon‟s signed rank test.  
 
Electrophysiological measures 
Continuous EEG recording was acquired from each participant at 1000 Hz through 
62 scalp electrodes and 4 ocular electrodes (horizontal and vertical bipolar 
montage), with impedances < 10 kΩ (Brain Products). ERP-analysis was 
conducted using the EEGLAB toolbox (Delorme & Makeig, 2004) and the Mass 
Univariate ERP Toolbox (Groppe et al., 2011a). Source estimates were calculated 
using Cartool (Brunet et al., 2011; http://sites.google.com/site/fbmlab/cartool). 
Offline, the channel mean was removed from each channel, data de-trending was 
performed, a 0.3 high-pass filter and a 40 Hz low-pass filter were applied and the 
data were epoched between − 500 and 1000 ms pre- to post-stimulus onset. 
Thereafter, trials with abnormal activity (extreme value rejection criterion of 
± 60 μV) or horizontal eye movements (based on horizontal electrooculogram) 
were rejected and bad channels were removed without interpolation. 
An independent component analysis (ICA) (Delorme & Makeig, 2004) was run 
using the runica EEGLAB function (Delorme & Makeig, 2004 and Delorme et al., 
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2007) and components corresponding to blink activity were removed. 
Subsequently, data were re-epoched between − 300 and 500 ms and baseline 
corrected (− 300 ms to 0). Finally, previously rejected channels were interpolated 
using a spherical spline interpolation and the data were recalculated against the 
average reference. Responses to the non-transected lines in the control condition 
were not included in the EEG analysis as they did not appear during landmark task 
blocks. Consequently, the number of trials entered into the grand average per 
participant was equated to a common minimal denominator across conditions 
(taking into account only transected and artifact-free trials) which amounted to the 
following average number of trials entered into the grand average per condition: LL 
LM (103.7059 (min = 83, max = 120)), SL LM (104.1765 (min = 78, max = 123)), 
LL C (105.9412 (min = 89, max = 116)), and SL C (104.9412 (min = 96, 
max = 115)). 
 
Mass univariate EEG analysis 
The aim of the analysis was to dissociate the effect of line length (long v short 
lines) from the effect of task (landmark task v control task) on event-related 
potentials (ERPs), and to investigate whether an interaction exists between the 
two. To this end, main effects of line length were quantified by comparing long- 
versus short-line ERPs collapsed across landmark and control tasks. Then, the 
main effects of task were quantified by comparing landmark-task and control-task 
ERPs collapsed across long and short lines. Finally, line-length × task interaction 
effects were quantified by calculating the difference between long and short lines 
and comparing this difference between tasks (landmark task versus control task; 
double difference). Periods of amplitude modulation between conditions were 
identified using pairwise comparisons at each time point across all electrodes. This 
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analysis was carried out separately for each of the two main effects (hereafter 
referred to as the “line length effect” and “line bisection effect”), as well as for the 
interaction between the two. In order to control the familywise error rate (FWER), 
cluster-based permutation tests (Bullmore et al., 1999; Groppe et al., 
2011b and Maris & Oostenveld, 2007) were employed. The calculation of the test 
statistic involved the following: Based on the initial pairwise comparisons, all t-
scores falling below a threshold corresponding to an uncorrected p-value of 0.01 
were ignored. The remaining t-scores were formed into clusters by grouping 
together t-scores at adjacent time points and electrodes (this step was performed 
separately for samples with positive and negative t-values (two-tailed test)). The 
spatial neighbourhood of each electrode was defined as all electrodes within 
approximately 3.65 cm, resulting in a mean of 3.5 (max = 4, min = 1) and median 
of 4 neighbours per electrode. The t-scores of each cluster were subsequently 
summed to produce a cluster–level t-score. The most extreme cluster–level t-
score across 20,000 permutations of the data was used to provide a data driven 
null hypothesis distribution. The relative location of each observed cluster level t-
score within the null hypothesis distribution indicates how probable such an 
observation would be if the null hypothesis were true (no ERP difference between 
conditions). A 1% alpha level was adopted in order to strengthen familywise error 
rate control. 
 
Hemispheric asymmetry EEG analysis 
In order to probe hemispheric lateralization in the ERPs related to the line length 
and the line bisection effects, the electrode showing the largest sensitivity to each 
manipulation (as indexed by the largest t-score) and the equivalent contralateral 
electrode were selected from the time periods specific to each effect. The mean 
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amplitudes at these electrodes during the time periods of differences between 
conditions were averaged and entered into a 2 × 2 (hemisphere × line 
length / task) repeated measures analysis of variance (ANOVA). 
 
Correlation analysis 
To further investigate the relationship between the bisection bias and right 
hemispheric activity related to the effects of line length or task (which both proved 
to be right lateralized, see the Results section), separate correlation analyses were 
carried out between peak ERP amplitude and bisection bias during time periods 
associated with both the line length effect and the line bisection effect. As 
behavioural measures, the individual differences in behavioural bias associated 
with the difference in line length (i.e. PSE for long lines minus PSE for short lines) 
were entered into the correlation analyses. This subtraction between conditions 
(but within participants) controls for inter-individual differences in arousal levels 
potentially confounding the behavioural bias, because bias per se depends on 
time-on-task whereas the relative bias (long minus short) does not (as shown in 
experiment 1). Behavioural biases were measured in pixels relative to veridical 
line centre. These values were correlated with the corresponding individual ERP 
difference associated with the effect of line length or alternatively, with the 
individual ERP difference associated with the line bisection effect. To determine 
individual ERP differences associated with the line length manipulation, the 
electrode showing the strongest line length effect (as indexed by the highest t-
score) was selected and its peak amplitude during the line length effect period 
extracted for both conditions from each participant and then subtracted (long lines 
minus short lines). Likewise, to obtain an individual measure of ERP activity 
specific to line bisection, the electrode showing the strongest line bisection effect 
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was selected, peak amplitudes (during the line bisection effect period) extracted 
for both conditions per participant, and then subtracted (landmark task minus 
control task). In analogy to behaviour, subtracting ERP data between conditions 
(but within participants) effectively corrects for inter-individual differences 
potentially confounding the EEG signals, such as arousal, skull thickness or 
volume conduction. Both Pearson's r and Spearman's rho were calculated for 
each correlation (with their 95% percentile bootstrap confidence intervals) in order 
to attain robust measures of association. 
 
Source estimates and analysis 
We estimated the localization of the electrical activity in the brain using a 
distributed linear inverse solution (minimum norm) applying the LAURA 
regularization approach comprising biophysical laws as constraints (Grave de 
Peralta et al., 2004; Grave-de Peralta et al., 2001 and Michel et al., 2004). LAURA 
selects the source configuration that better mimics the biophysical behavior of 
electric vector fields (i.e. activity at one point depends on the activity at 
neighboring points according to electromagnetic laws). LAURA was implemented 
in a realistic head model using 4024 nodes, selected from a 6 × 6 × 6 mm grid 
equally distributed within the gray matter of the Montreal Neurological Institute's 
average brain. To estimate the source of the line length effect and the line 
bisection effect, statistics were performed on the source estimations in the time 
periods associated with the effect of line length (100–200 ms; comparing source 
estimates of long lines versus short lines, collapsed over tasks) and with the effect 
of task (230–500 ms; comparing source estimates of line bisection versus control 
task, collapsed over stimuli). 
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Results 
 
Behavioural results 
Figure 6 presents the median of individually fitted PSE's (% of absolute line length 
relative to veridical centre ± 1 SE) as a function of line length. In long lines, median 
PSE was displaced to the left of veridical centre by − 0.35%, and this bias was 
significantly different from veridical centre (0) (Wilcoxon's signed-rank test, 
p = .044) indicating a systematic leftward bias. In short lines, median PSE was 
displaced to the left of veridical centre by − 0.15%, but this was not significantly 
different from veridical centre (0) (Wilcoxon's signed-rank test, p = .554) indicating 
no systematic bias in short lines. 
 
 
 
Figure 6. Behavioural bias data. Group-averaged (N = 17) point of subjective equality (± 1 SE) for both long (gray bar) and 
short (white bar) landmark task performance (in % of absolute line length relative to veridical center). Negative values 
indicate leftward bias. Note the typical systematic leftward error (pseudoneglect) is stronger for long than short lines. 
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EEG results 
The group averaged visual evoked potentials for all electrodes (from − 100 to 
500 ms relative to stimulus onset) are presented as butterfly plots separately for all 
four conditions in Figure 7. Also presented are group averaged topographies at 
time points corresponding to the traditional P1, N1, P2 and P3 series of ERP 
components. Figures 8A and 9A illustrate the corresponding global field power 
(GFP) plots for each of the four conditions (upper left panels, information 
duplicated in Fig. 8 and Fig. 10 for a better comparison with the respective mass 
univariate results illustrated below). These plots clearly reveal an early grouping of 
condition according to line length (red & blue solid lines vs. red & blue dashed 
lines: i.e. long vs. short lines) which occurs between 100 and 200 ms post-stimulus 
onset. In a later time window (300–400 ms), these conditions regroup according to 
task (red lines vs. blue lines: i.e. bisection vs. control task). The corresponding 
mass univariate analysis revealed these differences to be significant. The line 
length effect (long versus short lines, Fig. 8A) preceded the line bisection effect 
(line bisection versus control line judgment task, Fig. 10A) with no overlap of the 
two effects in time. In addition, no significant interaction effect between line-length 
and task was found at any time point during the epoch (not shown). Below, the 
results of the line length effect and of the follow-up analyses on source estimates 
and the relation to behaviour (Line length effect section) are presented, before the 
line bisection effect and follow-up analyses (Line bisection effect section). 
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Figure 7. Butterfly plots and topographies. Group-averaged (N = 17) voltage waveforms (62-channel butterfly plot) and 
topographic maps at selected time points corresponding roughly to the traditional P1, N1, P2 and P3 components of the 
ERP. Data are shown separately for (a) long line landmark task, (b) short line landmark task, (c) long line control task and 
(d) short line control task performance. L: Left, R: right, P: posterior. 
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Line length effect 
Fig. 8A (lower panel) presents the results of the mass univariate analysis of the 
effect of line length across time (x-axis) over electrodes (y-axis: anterior–posterior 
electrodes, broken down by left vs. right hemisphere: LH vs RH). The analysis 
revealed significant differences between long and short lines in terms of ERP 
amplitude from 102 to 202 ms post-stimulus onset over posterior electrodes 
(increased negativity in long lines compared to short lines, coded in blue tones) 
and frontal electrodes (increased positivity in long lines compared to short lines, 
coded in red tones). The peak of the effect (in terms of t-score) occurred 140 ms 
post-stimulus onset at RH parieto-occipital electrode PO4 (t-score = − 8.28, time 
point marked in Fig. 8A). Fig. 8B (left map) illustrates the topographical distribution 
of t-scores (long minus short) across the scalp at the selected time point (electrode 
of maximum difference between conditions shown in white). As well as being 
strongest over the RH, the increased negativity in long lines over posterior 
(occipital, parietal and central–parietal) electrodes was also more widespread over 
the right hemisphere as compared to the left hemisphere (see Fig. 8B). It is 
important to note that this right lateralized topography with a posterior maximum 
was stronger for long than short lines (line length effect) irrespective of task, as no 
interaction with task was found (see above), i.e. this occurred independently of 
whether the line needed to be mentally bisected or not. 
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Figure 8. Line-length EEG-effects. (A) Global field power (GFP) over time for each experimental condition (upper panel) 
and mass univariate analysis results of the line-length effect (lower panel). Note in the GFP the early grouping of conditions 
according to line length (red & blue solid lines vs. red & blue dashed lines: i.e. long vs. short lines). The corresponding mass 
univariate analysis revealed these differences to be significant, peaking at 140 ms post-stimulus onset. (B) Topographical t-
map (long minus short) across the scalp at 140 ms (left panel) and source estimate p-value maps of the effect (right panel, 
only p-values reaching a significance level of p < 0.01 are displayed, p-value coded by voxel size and color). Note that the 
line length effect peaked at electrode PO4 (electrode marked in white) and localized to the temporo-parietal junction of the 
RH (max. significant voxel: Talairach coordinate: 65, − 39, 20, peak t-value = 4.59, p < 0.001). 
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Line length topography: Hemispheric lateralization 
To probe for hemispheric lateralization of the line length topography (not tested by 
the electrode-wise mass univariate analysis above), the mean ERP amplitude at 
homologous electrodes of maximum line length effects (PO3 vs PO4, 100–
200 ms) were entered into a 2 (line length: long vs short) × 2 (hemisphere: PO3 
left vs PO4 right) repeated measures ANOVA. The corresponding data are shown 
in Fig. 9A. The ANOVA revealed a significant main effect of line length [F (1, 
16) = 29.534, p < .001], no significant main effect of hemisphere [F(1, 16) = 4.056, 
p = .061] and a significant line length × hemisphere interaction [F(1,16) = 10.176, 
p = .006]. Analysis of simple main effects (paired-sample t-tests performed 
between hemispheres for long and short lines separately) revealed that long lines 
induced a hemispheric asymmetry, with an increased negativity in the RH as 
compared to the LH [t(16) = 2.561, p = .021]. No significant difference in amplitude 
was observed between hemispheres during short line processing [t(16) = 1.080, 
p = .296]. This supports right hemispheric lateralization of the line length 
topography. 
 
Line length effect: Correlation with behavioural bias across participants 
The correlation analysis between the line length effect in RH-ERP (PO4) and the 
spatial bisection bias across individuals revealed a positive correlation in both 
Pearson [Pearson r = 0.544, p = 0.024] and Spearman analysis [Spearman 
r = 0.532; p = 0.028] and proved robust for both when bootstrapped [Pearson 
correlation: bootstrap 95% CI = 0.142, 0.741, Spearman correlation: bootstrap 
95% CI = 0.022, 0.799] (see Fig. 9B). The larger the difference in RH peak (N1) 
amplitude over electrode PO4, the larger the difference in landmark task bias 
between short and long lines. This suggests that the level to which the RH is 
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engaged during this time period (100–200 ms) influences the direction and 
magnitude of the lateralized behavioural bias. 
 
Figure 9. Line length hemispheric asymmetry analysis and brain-behaviour correlation. (A)  Hemispheric asymmetry 
data for electrodes PO3/PO4. Long lines were associated with a hemispheric asymmetry (RH > LH), not present in short 
lines.  (B) Relationship between the line-length effect in ERPs (long–short lines) at PO4 and the line-length effect in 
behavioural bias (long–short lines) across individuals (left panel), and histograms of the corresponding Pearson and 
Spearman bootstrapped correlation values (right panels, red bars = 95% confidence intervals). The correlation proved 
significant by both correlation methods (p < 0.05) and the bootstrapped 95% confidence intervals for both did not include 0. 
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The positive relationship suggests that the level to which the RH is engaged by “long” line processing during the early time 
period influences the direction and magnitude of lateralized behavioural bias. 
 
Line length effect: Source estimates 
In source space, voxels with maximum significant differences between the two line 
length conditions (long vs. short lines) in the relevant time interval (100–200 ms) 
were localized to the RH (see Fig. 8B). The source estimates implicated the right 
inferior parietal cortex and the right superior temporal sulcus in the line length 
effect indicating that regions of the right temporo-parietal junction (TPJ) were the 
likeliest generators of the line-length effect in sensor space (max. significant voxel: 
Talairach coordinate: 65, − 39, 20 (peak t-value = 4.59, p < 0.001)). 
 
Line bisection effect 
Fig. 10A (lower panel) illustrates the results of the mass univariate analysis of the 
effect of task (line bisection vs. control) in a time (x-axis) × electrode (y-axis) plot. 
The analysis revealed significant differences between line bisection and control 
task in terms of ERP amplitude from 231 to 500 ms post-stimulus onset over 
(mainly RH lateralized) centro-parietal electrodes (increased negativity in the 
landmark task compared to the control task, coded in blue tone) and a more widely 
spread difference over frontal electrodes (increased positivity in the landmark task 
compared to the control task, coded in red tones). Notable peaks (in terms of t-
scores) were present at 280 ms post-stimulus onset at RH centro-parietal 
electrode CP6 (t-score = − 7.36), and at 378 ms post-stimulus onset at RH centro-
parietal electrode CP4 (t-score = − 7.173, time points marked in Fig. 10A). Fig. 
10B (left map) shows the topographical distribution of t scores (line bisection 
minus control) across the scalp at these time points (electrodes of maximum 
difference between conditions shown in white). Both of these topographies 
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revealed increased RH negativity in line bisection as compared to the control task, 
and their maxima were located in a more superior position than the RH negativity 
of the line length topography (compare Figs. 8B vs. 10B, occipito-parietal vs 
centro-parietal positions). 
 
Line bisection topography: Hemispheric lateralization 
To probe for hemispheric lateralization of the line bisection topography (in analogy 
to the above analysis on line length effects), the corresponding data were 
subjected to 2 (task: line bisection vs control) × 2 (hemisphere: left vs. right CP 
electrodes) repeated measures ANOVAs. The 2 × 2 ANOVA on CP5/CP6 
(230 ms–330 ms, data shown in Fig. 11A) revealed a significant main effect of task 
[F(1, 16) = 11.721, p = .003], no significant main effect of hemisphere [F(1, 
16) = .998, p = .333] and a significant task × hemisphere interaction [F(1, 
16) = 7.893, p = .013]. Analysis of simple main effects (paired-sample t-tests 
performed between control and line bisection task for the LH and the RH 
separately) revealed an increased negativity in the bisection task as compared to 
the control task in the RH/CP6 [t(16) = 3.664, p = .002] but no significant 
difference between the two in the LH/CP5 [t(16) = 1.556, p = .139]. Likewise, the 
2 × 2 ANOVA on CP3/CP4 (330–500 ms, data not shown) revealed a significant 
main effect of task [F(1, 16) = 26.005, p < .001], no significant main effect of 
hemisphere [F(1, 16) = 1.031, p = .325] and a significant task × hemisphere 
interaction [F(1, 16) = 7.627, p = .014]. Analysis of simple main effects again 
revealed an increased negativity in the bisection task compared to the control task 
in the RH/CP4 [t(16) = 6.179, p < .001] but no significant difference in the LH/CP3 
[t(16) = .831, p = .418]. 
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Figure 10. Line-bisection EEG-effects. (A) Global field power (GFP) over time for each experimental condition (upper 
panel) and mass univariate analysis results of the line bisection effect (lower panel). Note in the GFP the late grouping of 
conditions according to task (red lines vs. blue lines: i.e. bisection vs. control task). The corresponding mass univariate 
analysis revealed these differences to be significant, peaking at 280 ms and 378 ms post-stimulus onset. (B) Topographical 
t-maps (control minus landmark task) across the scalp at 280 ms and 378 ms (left panel) and source estimate p-value maps 
of the effect (right panel). Note that the line bisection effect peaked at electrodes CP6 (280 ms) and CP4 (378 ms), shown in 
white, and localized largely to the right superior parietal cortex (max. significant voxel: Talairach coordinate: 35, − 61, 43 
(peak t-value = − 3.3, p < 0.01)). 
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Line bisection effect: Correlation with behavioural bias across participants 
The above analysis of line bisection effects shows a stronger right lateralized 
centro-parietal negativity during line bisection as compared to the non-spatial 
control task in the later window of the epoch. However, this right lateralization 
occurred for line bisection independently of line length (no interaction with line 
length, see above), suggesting that activity during this time period is unlikely to 
account for pseudoneglect. In line with this view, ERP activity in this time window 
was not correlated with behavioural bias (see Fig. 11B). The correlation analysis 
between the line bisection effect in RH-ERP (CP6) and the spatial bisection bias 
across individuals revealed no significant association [Pearson r = − 0.220, 
bootstrap 95% CI = − 0.667, 0.270, p = 0.396; Spearman r = − 0.304, bootstrap 
95% CI = − 0.744, 0.252, p = 0.236]. 
 
Line bisection effect: Source estimate 
Those voxels with maximum significant differences between the two tasks 
(bisection vs control task) in the time interval associated with the line bisection 
effect (230–500 ms) were again localized to the right hemisphere, but with a more 
superior localization (see Fig. 10B). The source estimates implicated the right 
superior parietal cortex in the bisection effect. The maximum significant difference 
was observed at 35, − 61, 43 (Talairach coordinate (peak t-value = − 3.3, 
p < 0.01)), in the vicinity of the intraparietal sulcus (IPS). 
78 
 
 
Figure 11. Line bisection hemispheric asymmetry analysis and brain-behaviour correlation. (A)  Hemispheric 
asymmetry data for electrodes CP5/CP6. Landmark task performance was associated with a hemispheric asymmetry, not 
present during the control task.  (B) Relationship between the line bisection effect in ERPs (control–landmark tasks) at CP6 
and the length effect in behavioural bias (long–short lines) across individuals (left panel) and histograms of the 
corresponding Pearson and Spearman bootstrapped correlation (right panel, red bars = 95% confidence intervals). The 
correlation was not significant for either correlation method (p > 0.05) and the bootstrapped 95% confidence intervals for 
both included 0. 
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Discussion 
 
In the current experiment, the neural underpinning of the line length effect in line 
bisection was investigated for the first time using stimulus-locked ERPs. 
Behaviourally, most participants displayed a systematic leftward bias 
(pseudoneglect) during long line landmark task performance whereas no 
systematic bias was observed during performance of the task with short lines, in 
line with the previously reported line-length effect (experiment 1, Heber et al., 
2010, McCourt & Jewell, 1999, Rueckert et al., 2002 and Thomas et al., 2012). 
These EEG findings establish that an increased engagement of areas of the right 
lateralized ventral attention network contributes to the genesis of the spatial bias, 
and that this engagement is stimulus-driven (task independent because it was 
observed in both the line bisection and control tasks): an ERP response was found 
which showed higher amplitude to long than short lines, corresponded in timing to 
the N1-component and was right lateralized to areas of the temporo-parietal 
junction. Furthermore, the difference in peak N1-amplitude between long and short 
line processing correlated with the difference in line bisection bias between long 
and short lines across participants. 
 
Neural (ERP) substrates for behavioural line bisection bias 
The current findings, in combination with those of O'Connell et al. (2011), suggest 
a common neural substrate for the rightward shifts in behavioural bias observed 
with decreased line length and increased perceptual load respectively: Both 
experimental manipulations were associated with an attenuation of right-lateralized 
TPJ activity at the latency of the N1-component (O'Connell et al., 2011 and the 
present study). Extending the results of O'Connell et al. (2011), it is here shown in 
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addition that the degree of this attenuation correlates with the degree of the 
rightward shift in behavioural bias across participants. Overall, this provides further 
evidence that pseudoneglect can be attributed to the predominant role played by 
the RH in visuospatial processing (as initially suggested by Heilman & van den 
Abell, 1980 and Mesulam, 1981 and later Reuter-Lorenz et al., 1990 and Bultitude 
& Aimola-Davies, 2006) and to areas of the right ventral attention network in 
particular (Corbetta & Shulman, 2002; 2011; Newman et al., 2013) especially 
when processing involves stimuli appearing/stretching into the periphery of the 
visual fields. This is in line with mathematical models of the relative hemispheric 
contributions to the perceived salience of visual stimuli (RH > LH) (Anderson, 
1996; Monaghan & Shillcock, 1998 and Monaghan & Shillcock, 2004 and see the 
discussion of experiment 1). In light of these models, our results would suggest 
that the asymmetric hemispheric contribution (in favour of the RH) to the salience–
perception of lateral visual stimuli can be attributed to an increased activation of 
areas around the right-TPJ (compared to the left) in long lines that is not present in 
short lines. 
 
The question then arises as to why line length modulates the degree to which the 
right TPJ is activated, and how this would fit with the notion of the interplay 
between the right ventral arousal/re-orienting network and dorsal spatial attention 
network modulating spatial bias (Corbetta & Shulman, 2011, Corbetta et al., 
2005,Corbetta et al., 2008, He et al., 2007 and Thiebaut de Schotten et al., 2011). 
Given that the right TPJ is preferentially activated during long line processing, the 
resources of the RH ventral network may be less engaged in processing short 
lines. It is conceivable that short lines may be less attentionally „salient‟ and so 
activate the ventral network less strongly. Although this would not constitute a 
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depletion of processing capacity in the RH ventral network with reduced line length 
(such as presumably achieved by increased foveal perceptual load and reduced 
arousal/time-on-task; see Bellgrove et al., 2004, Dodds et al., 2008, Dufour et al., 
2007, Fimm et al., 2006, Manly et al., 2005, Matthias et al., 2009, Newman et al., 
2013, Perez et al., 2008 and Perez et al., 2009), it would result in the same 
outcome (disengagement of the ventral network). Therefore, the common likely 
denominator of rightward shifts with manipulation of both line length and 
perceptual load/arousal is a disengagement of areas around the right TPJ, in line 
with the view that down-regulation of RH activity leads to a transient change in 
spatial attentional sampling at the periphery which attenuates the left visual field 
advantage and causes the observed rightward shifts in bias. 
 
The above interpretation assumes that the line-length effect occurs due to a 
modulation of brain activity at a higher-order (visuospatial attention) processing 
stage. Yet, it is important to consider whether the current EEG results may 
alternatively be explained by a lower-level visual account related to the change in 
stimulus size (stronger visual evoked response to long relative to short lines). It 
appears that this explanation can be discarded given that the observed timing 
(N1), lateralization (RH only) and localization (TPJ) of the ERP effect is not in line 
with such a low-level account: If low-level factors alone accounted for the ERP-
effect, one would expect differences between long and short lines to onset at an 
earlier stage of stimulus processing (such as the C1 component), with a more 
posterior bilateral topography and occipital source estimates (Di Russo et al., 
2002; Foxe et al., 2008), and one would also not have expected a correlation with 
behavioural spatial bias at the latency of the N1 component. 
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Early versus late EEG responses in line bisection: stimulus-driven, reflexive 
vs. task-related, decisional stages of spatial processing 
The current results reveal two main ERP-events that are modulated by the 
experimental manipulations, an early ERP-event occurring at around N1 showing 
characteristics of an automatic (reflexive) response (occurring independently of 
task and therefore likely primarily stimulus-driven) and a later event depending on 
task (spatial versus non-spatial line judgments) irrespective of stimulus properties 
(line length). Importantly, only the first event is correlated with line bisection 
behaviour, while the later is not. This dissociation strongly suggests that the two 
ERP events reflect different processes in task processing, further corroborated by 
their right hemispheric lateralization to two distinct sources, areas of the right TPJ 
versus right superior parietal cortex respectively. Note that the timing and 
localization of these two ERP-events accord with and extend the findings of Foxe 
et al. (2003) who report right TPJ source estimates at early phases of line 
bisection and right superior parietal cortex estimates (in the vicinity of IPS) at later 
phases, in good agreement with fMRI studies of landmark task processing (Cai et 
al., 2013, Cavezian et al., 2012, Çiçek et al., 2009, Fink et al., 2000a; Fink et al., 
2000b and Fink et al., 2001). It is of interest to note that the time point and 
topography of the early effect implicate the N1, an early component of the visual 
ERP implicated in object discrimination and recognition (Allison et al., 
1999; Doniger et al., 2001 and Vogel & Luck, 2000). In addition, pseudoneglect is 
stronger for solid continuous lines relative to line endpoint judgment, or lateralized 
segment distance/size judgments (Post et al., 2001), suggesting that behavioural 
biases may arise more strongly at an allocentric (object-based) level of processing 
(Foxe et al., 2003; Singh et al., 2011), or are strongly dependent on stimulus 
saliency/energy. In line with the latter view, it has been proposed that the strength 
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of engagement of a right lateralized attention system is likely to depend on 
stimulus properties (see e.g. experiment 1 and Snyder et al., 2012), such that 
more salient stimuli (here longer lines) may lead to a stronger engagement of this 
right hemispheric system, and consequently drive a stronger leftward behavioural 
bias. 
 
As to the functional role of the task-related, right superior parietal cortex activation, 
it may rather be implicated at a decisional stage of task performance. In line with 
the finding of late superior parietal cortex/IPS activity-differences, previous 
imaging studies comparing the landmark task with a non-spatial control task have 
found modulation of activity to be strongly lateralized to the right superior parietal 
cortex (in the vicinity of IPS) both using EEG (Foxe et al., 2003, Longo et al., 
2015), and fMRI (Cai et al., 2013, Cavezian et al., 2012, Çiçek et al., 2009, Fink et 
al., 2000a;  2000b and Fink et al., 2001). However, these studies were restricted to 
relatively long line task performance (> 6° horizontal visual angle). In the current 
study, right hemispheric dominance for landmark task processing was also found 
for short lines (1° horizontal visual angle) in the absence of any systematic 
behavioural bias, thus suggesting that the relatively late right hemispheric task 
effect (peaking at 280 ms post-stimulus onset in the current study and at 310 ms 
in Foxe et al., 2003) does not represent an activation pattern that can alone 
explain the genesis of spatial bias. Instead, the current finding of a correlation 
between the strength of RH activation earlier in time (100–200 ms) and the 
behavioural bias displayed across participants clearly point to an earlier temporal 
locus of the bias, in line with previous single-pulse TMS studies (Dambeck et al., 
2006; Fierro et al., 2001) and ERP studies of visuospatial processing in neglect 
patients (Di Russo et al., 2008; Tarkka et al., 2011). The later, task-related activity 
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may represent more memory rehearsal/decisional stages for task performance 
that occur after initial attentional engagement (and the accumulation of sensory 
evidence), and that do not determine the extent of the spatial bias (Duncan, 
1980, Luck et al., 2000 and Philiastides & Sajda, 2006). However, it is noteworthy 
that Longo et al., (2015) have shown that the late „line bisection effect‟ identified by 
Foxe et al., (2003), and replicated in the current experiment, scales with viewing 
distance (i.e. is larger in near than far space) and this perhaps suggests distinct 
spatiotemporal origins of differing modulators of bias (i.e. line length (early) versus 
viewing distance (late)). 
 
Future directions 
Interestingly, in two recent EEG studies, the rightward shifts in behavioural bias 
associated with time-on-task (Newman et al., 2013) and increased perceptual load 
(Perez et al., 2009) have also been linked to changes in oscillatory activity. These 
studies focused on lateralization of posterior alpha-band activity, which represents 
a reliable marker of the degree of spatial attentional engagement during 
anticipatory attention orienting prior to stimulus onset (Foxe & Snyder, 
2011, Gould et al., 2011, Kelly et al., 2006, Macdonald et al., 2011, Sauseng et al., 
2005, Thut et al., 2006 and Worden et al., 2000). An interesting line for future 
research would be to investigate the relationship between different experimental 
manipulations of spatial bias and both post-stimulus (as in the current 
study, O'Connell et al., 2011 and Perez et al., 2009) and pre-stimulus EEG activity 
(Newman et al., 2013), and to establish how these separate EEG measures 
implicated in the processing of visuospatial information relate to one another in the 
genesis and modulation of spatial bias. 
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Conclusion 
The present EEG study has identified the ERP correlate of changes in line 
bisection bias with manipulation of line length. The results suggest that the degree 
to which the right hemispheric ventral attention network is engaged during the 
early phases of stimulus processing (~100–200 ms post-stimulus onset) 
modulates the degree of spatial bias displayed across individuals. Further 
research on experimental manipulations of spatial bias and their EEG correlates 
may elucidate the role played by attentional subsystems, their interactions and 
their contribution to the (often biased) distribution of spatial attention in both 
healthy individuals and post-stroke neglect patients. 
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Chapter 3 
 
A rightward shift in the visuospatial attention vector with healthy 
aging 
 
Introduction 
Another factor that has previously been proposed to modulate the manifestation of 
pseudoneglect is age. Though bisection performance has proven to be less 
consistent in older healthy adults, the systematic leftward bias appears to be 
attenuated, eliminated, or even reversed with age (Fukatsu et al., 1990; Stam & 
Bakker, 1990; Fujii et al., 1995; Jewell & McCourt, 2000; Failla et al., 
2003; Goedert et al., 2010; Nagamatsu et al., 2011; Hatin et al., 2012; Loureiro et 
al., 2013; Brooks et al., 2014; Veronelli et al., 2014). Additionally, recent evidence 
suggests potential sex-differences in age-related changes in manual line bisection 
performance, with aging effects being strongest in males vs. relatively intact 
performance with aging in females (Varnava & Halligan, 2007; Barrett & Craver-
Lemley, 2008; Chen et al., 2011; however see Beste et al., 2006 for discrepant 
results). In order to minimize the influence of motor factors on bisection 
decisions, Schmitz & Peigneux (2011) recently employed the Landmark Task to 
investigate age-related changes in pseudoneglect. They found that young 
participants perceived the left side of equally bisected lines to be longer than the 
right side (typical of pseudoneglect), whereas elderly participants presented the 
opposite pattern, and were more accurate when unevenly bisected lines were 
divided on the left side. Overall, a rightward shift in the performance of older 
participants was found as compared to young participants, in line with previous 
studies (Sex of the participants was not distinguished in the study, Schmitz & 
Peigneux, 2011). 
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Several candidate models may account for the observed change in pseudoneglect 
with aging. One is that of Hemispheric Asymmetry Reduction in Older Adults (i.e., 
the HAROLD model, Cabeza, 2002). The HAROLD model suggests that functional 
recruitment of the non-dominant hemisphere for a given task helps to compensate 
for age-related unilateral working efficiency decline, resulting in reduced 
asymmetry in processing for the task at hand (Cabeza, 2002; Reuter-Lorenz & 
Cappell, 2008; Li et al., 2009). The HAROLD model has largely been investigated 
in the context of memory tasks and its predictions have often been supported 
(Bäckman et al., 1997; Grady et al., 2002; Logan et al., 2002; Cabeza et al., 
2004; Rossi et al., 2004; Solé-Padullés et al., 2006; Schmitz et al., 2013). Using 
positron emission tomography (PET), Reuter-Lorenz et al. (2000) found prefrontal 
cortex (PFC) activity to be lateralized to the respective dominant hemisphere for a 
given stimulus in young participants. However, in elderly participants the activity 
was bilateral for all stimulus types. Although mainly observed in the PFC, the 
HAROLD model may also apply to other regions and tasks (Collins & Mohr, 
2013). Nielson et al. (2002) found that during an inhibition task, parietal activity 
was right lateralized in young participants yet bilateral in older participants. Thus in 
the context of visuospatial attention biases, when performing the landmark task, 
elderly participants may recruit supplementary contralateral (left) brain areas in a 
compensatory manner, resulting in the observed absence or reversal of 
pseudoneglect. 
 
Another model emphasizes accelerated aging in the right relative to the LH (Brown 
& Jaffe, 1975; Goldstein & Shelly, 1981), which may in turn reduce the functional 
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dominance of visuospatial attention processing in the RH. Using a test battery 
designed to diagnose lateralized brain injury, it has previously been found that the 
performance of elderly participants is analogous to that of RH damaged patients 
(Klisz, 1978) and more recently specific RH impairment in elderly participants has 
been found during performance of a variety of psychophysical tasks (Jenkins et 
al., 2000; Lux et al., 2008; Nagamatsu et al., 2011; Chokron et al., 2013). The 
absence or reversal of pseudoneglect presented by elderly participants may 
therefore reflect general RH decline. However, evidence supporting greater aging 
of the RH in comparison to the left has been mixed (Dolcos et al., 2002; Sowell et 
al., 2003; Raz et al., 2004). 
 
Additionally, rightward spatial biases are often associated with states of both tonic 
and chronic reduced arousal (Bellgrove et al., 2004; Manly et al., 2005; Fimm et 
al., 2006; Dufour et al., 2007; Dodds et al., 2008; Heber et al., 2008; Matthias et 
al., 2009; Newman et al., 2013). It is possible that a reduction in general 
alertness/vigilance over the lifespan (Robinson & Kertzman, 1990; Buysse et al., 
2005; Nebes et al., 2009; Goedert et al., 2010) may also contribute to the chronic 
attenuation of pseudoneglect in the elderly. 
 
As shown in experiments 1 and 2, the degree of visuospatial bias displayed 
during landmark task performance is modulated within participants by stimulus 
properties such as line length. Recent studies employing the landmark task in 
healthy young participants have shown that while long lines (subtending 
>6°horizontal visual angle (VA) in length) induce a systematic (usually left) bias, 
89 
 
short lines (subtending <2° VA) induce either no bias or a right bias (McCourt & 
Jewell, 1999; Rueckert et al., 2002; Rueckert & McFadden, 2004; Heber et al., 
2010; Thomas et al., 2012). The line length effect appears to arise due to 
asymmetrical hemispheric contributions (in favour of the RH) to the perceived 
salience of line stimuli that is more pronounced for long than short lines and hence 
a left bias arises more prominently for long lines (Anderson, 1996; experiment 2). 
As shown in experiment 1, the additive effects of reduced line length and 
increased time-on-task suggest that both manipulations may result in down-
regulation of RH attention network engagement and hence the observed rightward 
shifts in spatial bias. Additionally, an overall task performance decrement (as 
indexed by the curve width of the fitted psychometric function) was observed with 
prolonged time-on-task, further suggesting a degradation of attentional resources. 
 
Elucidating how the established bias modulators of age and line length interact to 
influence lateralized visuospatial bias as displayed during landmark task 
performance will allow for a refinement of models of visual attention processing 
changes with healthy aging. To investigate this, landmark task performance was 
compared on three different line lengths (short, medium and long) between young 
and elderly healthy participants. In line with previous studies, a systematic leftward 
bias for long lines in young participants was predicted that would be attenuated 
with reducing line length. If hemispheric asymmetry reduction alone accounts for 
the attenuation of pseudoneglect with aging then one would expect to see no 
systematic bias for any line length in the elderly and also relatively preserved 
overall performance on the task. Alternatively, if reduced RH function and/or 
chronic reduced arousal play a role in the attenuation of bias then one would 
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expect to see a pattern of performance in the elderly analogous to that previously 
observed in young participants following prolonged time-on-task: namely no bias in 
long lines and a systematic rightward bias for short lines along with an overall task 
performance decrement (as in experiment 1). 
 
Methods 
 
Participants 
Twenty right-handed young (12 males, mean age = 23.25 years; SD = 2.83, max = 
31, min = 18) and 20 right-handed elderly participants (11 males, mean age = 
68.45 years; SD = 4.95, max = 77, min = 60) took part in the experiment. Written 
informed consent was obtained from each participant. All participants were 
volunteers naive to the experimental hypothesis being tested. All participants had 
normal or corrected-to-normal vision and reported no history of neurological 
disorder. The experiment was carried out within the Institute of Neuroscience and 
Psychology at the University of Glasgow and was approved by the local ethics 
committee. 
 
Instrumentation and Stimuli 
Stimuli were presented using the E-Prime software package (Schneider et al., 
2002) on a CRT monitor with a 1280 × 1024 pixel resolution and 85 Hz refresh 
rate. The stimuli were similar to those employed in experiments 1 and 2. Three 
different lengths of line were presented. “Long” lines measured 24.3 cm in length 
by 0.5 cm in height and at a viewing distance of 70 cm subtended 19.67° (width) 
by 0.4° (height) of VA. At the same viewing distance, “medium” lines measuring 
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12.15 cm × 0.5 cm subtended 9.92° × 0.4° of VA and “short” lines measuring 2.43 
cm × 0.5 cm subtended 1.98° by 0.4° of VA. 
 
All three line lengths were transected at 1 of 13 points ranging from ±7.5% 
(distance between transector locations = 1.25%) of absolute line length to veridical 
center. In long lines, this represented a range of −1.48° to 1.48° of VA with a 
distance between transector locations of 0.25° of VA. In medium lines a range of 
−0.74° to 0.74° of VA with a distance between transector locations of 0.12° of VA 
was presented and in short lines, a range of −0.15° to 0.15° of VA with a distance 
between transector locations of 0.02° of VA was presented. All lines were 
displayed with the transector location centered on the vertical midline of the 
display (i.e., aligned to a central fixation cross which preceded the presentation of 
the lines, see below). 
 
Procedure 
Participants were seated with their midsagittal plane aligned with the display 
monitor. Viewing distance (70 cm) was kept constant using a chin rest. Each trial 
began with presentation of a fixation cross (0.4° (height) × 0.4° (width) of VA) for 1 
s followed by presentation of the transected line (150 ms). The transection mark 
was always aligned with the fixation cross (i.e., the eccentricity of the line 
endpoints varied across trials while the transection point always appeared at the 
same central position), therefore preventing use of the fixation cross as a 
reference point for bisection judgments. The fixation cross then reappeared for the 
duration of the response period during which participants indicated which end of 
the line had appeared longest/shortest to them by pressing either the left or right 
response key. Half of the participants were asked to judge which end of each line 
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was longest and the other half were asked to judge which end was shortest, in 
order to prevent any possible group-level response bias (increased likelihood of 
pressing either the left or right response key regardless of the visual percept, 
especially in cases of uncertainty (see Morgan et al., 2012; García-Pérez & Alcalá-
Quintana, 2013)) from contaminating the perceptual midpoint analysis. 
 
Participants always responded using their dominant right hand (right index and 
middle finger respectively) and were instructed to hold their gaze on the center of 
the screen throughout each trial. The subsequent trial began as soon as the 
response was made. Trials lasted approximately 2 s. Trial type (location of 
transector in line) was selected at random. Each participant completed 91 trials of 
each line length (Overall = 273 trials, 7 judgments at each of the 13 transector 
locations) split into 7 short blocks (lasting approximately 2–3 min). Participants 
were allowed to take as long a break as they wished between blocks. A block of 
20 practice trials was performed immediately prior to the beginning of the 
experimental blocks. The entire experiment lasted approximately 20–25 min (see 
Figure 2 for a schematic representation of the trial procedure). 
 
Analysis 
In order to obtain an objective measure of perceived line midpoint for all three line 
lengths in each participant, psychometric functions (PFs) were derived using the 
method of constant stimuli (fitting the same cumulative logistic function as in 
experiments 1 and 2). The width of the PF provides a measure of the precision of 
participants' line midpoint judgments per block. A low width value indicates that the 
PF is steep and that the observer can discriminate differences between transector 
locations relatively easily, whereas a high width value indicates that the PF is 
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shallow and that the observer can only discriminate relatively coarse differences 
(Fründ et al., 2011). Inferential statistical analyses were performed on the 
individually fitted PF PSE and width estimates. 
 
Results 
 
Subjective midpoint (PSE) analysis 
Figure 12A–C presents group-averaged PFs for both experimental groups at each 
of the three line lengths. For each line length, black filled circle symbols (young 
participants) and gray open diamond symbols (elderly participants) plot mean 
percentage left response as a function of transector location. The black (young) 
and gray (elderly) smooth curves represent the best-fitting least-squares 
cumulative logistic PFs (95% confidence interval represented by black (young) and 
gray (elderly) dotted lines). Where black (young) and gray (elderly) vertical dashed 
lines cross the black horizontal dashed lines indicate the transector locations 
corresponding to the 50% response rates (PSEs). 
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Figure 12. Group-averaged PFs for both experimental groups at each line length (A = long, B = medium, C = short). 
For each line length, black filled circle symbols (young participants) and gray open diamond symbols (elderly participants) 
plot mean percentage left response as a function of transector location. The black (young) and gray (elderly) smooth curves 
represent the best-fitting least-squares cumulative logistic PFs (95% confidence interval represented by black (young) and 
gray (elderly) dotted lines). Where black (young) and gray (elderly) vertical dashed lines cross the black horizontal dashed 
lines indicate the transector locations corresponding to the 50% response rates (PSEs). 
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Figure 13A plots the group mean PSEs (±1 standard error (S.E.), vertical dashed 
lines represent 95% confidence intervals (CIs)) obtained from PFs fitted to the 
individual participants‟ data for each line length. These are in close agreement with 
the group averaged PF PSEs. In line with previous studies of pseudoneglect, 
mean long line PSE in the young group was displaced to the left of veridical center 
by −1% of absolute line length and this leftward bias was significantly different 
from veridical center (95% CI does not include 0) whereas in the elderly group the 
mean PSE was slightly to the left (−0.14%) but not significantly different from 
veridical center (95% includes 0). Mean medium line PSE in the young group was 
displaced to the left of veridical center by −0.62% and this leftward bias was also 
significantly different from veridical center (95% CI does not include 0). In contrast, 
the medium line elderly PSE was very slightly to the right of center by 0.1% but 
again not significantly different from veridical center (95% CI includes 0). In the 
short lines, mean PSE in the young group was −0.24% to the left of veridical 
center but the difference from veridical center was not significant (95% CI includes 
0) whereas mean PSE in the elderly group was significantly displaced to the right 
of veridical center by 1.1% (95% CI does not include 0). 
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Figure 13. Group averaged psychometric function measure values. (A) Group averaged PSE values (±1 standard error 
(S.E.), vertical dashed lines represent 95% confidence intervals (CIs)) obtained from PFs fitted to the individual participants‟ 
data for each line length. Light gray bars represent the young group and dark gray bars represent the elderly 
group. (B) Group averaged PF curve width (±1 S.E.) obtained from PFs fitted to the individual participants‟ data for each line 
length. 
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A 2 (Age group: young vs. elderly) × 3 (Line length: long vs. medium vs. short) 
ANOVA on individually fitted PF PSEs revealed a significant main effect of age group 
(F(1,38) = 5.830, p = 0.021, η2p=0.133), a significant main effect of line length (F(2,76) = 
6.509, p = 0.002, η2p=0.146) but no significant age group × line length interaction 
(F(2,76) = 0.524, p = 0.524, η2p=0.017). The overall subjective midpoint was 
significantly more to the left in the young participants than in the elderly (as indexed 
by the PSEs), indicating a group level rightward shift in the attentional vector with 
age (as is clearly displayed in Figure 13A). Pairwise comparisons (Bonferroni-
corrected) to analyze the simple effects of line length revealed no statistically 
significant difference in subjective midpoint between either long and medium lines 
(t(39) = −1.846, p = 0.226, Cohen‟s d = −0.292) or medium and short lines (t(39) = 
−2.163, p = 0.111, Cohen‟s d = −0.345) but a significant rightward shift in subjective 
midpoint from long to short lines (t(39) = −3.022, p = 0.014, Cohen‟s d = −0.482) 
regardless of age (again displayed in Figure 13A). Additionally, a within-subjects 
linear contrast analysis revealed a significant linear shift in bias with line length 
(F(1,38) = 9.017, p = 0.005, η2p=0.192). 
 
Psychometric function curve width analysis 
Figure 13B plots the mean PF curve width (±1 S.E.) obtained from PFs fitted to the 
individual participants‟ data for each line length. A 2 (Age group: young vs. elderly) × 
3 (Line length: long vs. medium vs. short) ANOVA revealed a significant main effect 
of age group (F(1,38) = 8.674, p = 0.005, η2p=0.186), a significant main effect of line 
length (F(2,76) = 11.637, p < 0.001, η2p=0.234) and no significant age group × line 
length interaction (F(2,76) = 1.706, p = 0.188, η2p=0.043). PF curve widths were 
significantly shallower in elderly participants than in young participants, indicating 
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reduced discrimination sensitivity with age. Pairwise comparisons (Bonferroni-
corrected) to analyze the simple effects of line length revealed no statistically 
significant difference in PF width between long and medium lines (t(39) = −0.155, p = 
1, Cohen‟s d = −0.033) but a significant increase in width from both long to short 
lines (t(39) = −3.409, p = 0.005, Cohen‟s d = −0.542) and from medium to short lines 
(t(39) = −4.845, p < 0.001, Cohen‟s d = −0.881). A within-subjects linear contrast 
analysis revealed a significant linear shift in curve width with line length (F(1,38) = 
11.56, p = 0.002, η2p=0.233). Discrimination sensitivity for the task was significantly 
lower for short lines than for long and medium lines regardless of age (as displayed 
in Figure 13B). 
 
Additional gender analysis 
Recent evidence from studies employing manual line bisection has suggested 
potential sex-differences in age-related changes in bisection performance, with aging 
effects being strongest in males vs. relatively intact performance with aging in 
females (Varnava & Halligan, 2007; Barrett & Craver-Lemley, 2008; Chen et al., 
2011; however see Beste et al., 2006 for discrepant results). In order to test for any 
such gender effects in age-related changes in landmark task performance, I re-
analyzed (post hoc) the PSE and width values with an additional between-subjects 
factor of gender (female, male) included in the ANOVAs. The PSE re-analysis 
revealed no additional main effect of gender (F(1,36)= 0.019, p = 0.892, η2p=0.001) 
and no significant interaction between either age group × gender (F(1,36)= 0.411, p = 
0.525, η2p=0.011), length × gender (F(2,72) = 0.337, p = 0.715, η2p=0.009) nor age 
group × length × gender (F(2,72) = 0.608, p = 0.547, η2p=0.017). 
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The width re-analysis also revealed no main effect of gender (F(1,36)= 0.970, p = 
0.331, η2p=0.026), no significant interaction between either age group × gender 
(F(1,36)= 0.299, p = 0.588, η2p=0.008), length × gender (F(2,72) = 0.615, p = 
0.543, η2p=0.017) nor age group × length × gender (F(2,72) = 0.958, p = 
0.388, η2p=0.026). 
 
Discussion 
 
Recent studies have shown age-related changes in the expression of visual 
pseudoneglect (Fukatsu et al., 1990; Stam & Bakker, 1990; Fujii et al., 1995; Jewell 
& McCourt, 2000; Failla et al., 2003; Barrett & Craver-Lemley, 2008; Goedert et al., 
2010; Nagamatsu et al., 2011; Schmitz & Peigneux, 2011; Hatin et al., 
2012; Loureiro et al., 2013; Veronelli et al., 2014). I aimed to investigate, for the first 
time, how the established line bisection bias modulator of line length interacts with 
healthy aging to influence lateralized visuospatial bias as displayed during landmark 
task performance. For this purpose, I compared landmark task performance on three 
different line lengths (short, medium and long) between young (18–31 years old) and 
elderly (60–77) healthy participants. 
 
As expected, young participants displayed a group-level systematic leftward bias 
(pseudoneglect) during long line landmark task performance. This leftward bias was 
reduced for the medium length lines and no systematic bias was observed for 
performance of the task with short lines, confirming the previously reported line-
length effect (McCourt & Jewell, 1999; Rueckert et al., 2002; Rueckert & McFadden, 
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2004; Heber et al., 2010; Thomas et al., 2012; experiments 1 & 2). Moreover, the 
results revealed a group-level rightward shift in the visuospatial attention vector in 
the elderly as compared to the young participants, in line with previous findings of an 
attenuation or reversal of pseudoneglect with healthy aging (Fukatsu et al., 
1990; Stam & Bakker, 1990; Fujii et al., 1995; Jewell & McCourt, 2000; Failla et al., 
2003; Barrett & Craver-Lemley, 2008; Goedert et al., 2010; Nagamatsu et al., 
2011; Schmitz & Peigneux, 2011; Hatin et al., 2012; Loureiro et al., 2013; Veronelli 
et al., 2014). Importantly, no interaction was observed between age group and line 
length suggesting that the elderly participants were subject to the line length effect in 
a similar manner to the young (i.e., a rightward shift in subjective midpoint with 
reduced line length). No effect of gender on landmark task performance was found in 
either the young or the elderly. 
 
The results replicate and extend those of Schmitz & Peigneux (2011) who found 
suppression, and near reversal, of the leftward pseudoneglect bias in their elderly 
sample during long line landmark performance. In their study, the line stimuli 
remained onscreen until the participant responded (free-viewing). The authors note 
that this absence of control of ocular scanning in their study precluded them from 
dissociating a true perceptual bias shift with aging from a failure of inhibition of return 
(IOR). IOR represents a mechanism by which the viewer disengages from previously 
processed aspects of a stimulus in order to facilitate perception of its entirety 
(Posner and Cohen, 1984). Using a stimulus duration of 150 ms only (and thus 
preventing eye movements), it is here confirmed that the observed rightward shift in 
101 
 
the attention vector with healthy aging is unlikely to occur as a result of a failure of 
IOR. 
 
Potential Neural Mechanisms of the Rightward Perceptual Shift with Aging 
Accelerated right hemisphere aging/HAROLD model 
Previous studies exploring age-related variability in neurocognitive function have 
posited a decline in hemispheric specialization of task-related neural activity to 
represent a form of compensation for age-related deficits that supports task 
performance (Reuter-Lorenz & Lustig, 2005; Reuter-Lorenz & Cappell, 2008; Angel 
et al., 2011). However, the functional significance of the observed neural activation 
of regions not primarily associated with task performance in young participants, and 
whether such “recruitment” is restricted to elderly participants, remains unclear 
(Reuter-Lorenz & Park, 2010; Friedman, 2013). 
 
Though the rightward shift in the visual attention vector with age observed in the 
current study would support an increased involvement of the LH in task processing in 
the elderly compared to the young participants (Cabeza, 2002; Reuter-Lorenz & 
Cappell, 2008; Li et al., 2009), the HAROLD model alone appears to be inconsistent 
with the findings of a significant rightward bias for short lines in the elderly in the 
current study along with previous reports of group-level rightward bisection biases in 
elderly samples (Stam & Bakker, 1990; Fujii et al., 1995). The HAROLD model would 
predict symmetrical bisection behavior in elderly participants but it would not predict 
systematic right biases beyond the veridical midline (Brooks et al., 2014). 
Additionally, overall performance precision (as indexed by the curve width of the 
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fitted psychometric functions) was found to be lower in elderly participants 
suggesting reduced discrimination sensitivity with aging. Although the influence of 
low level visual deficits (such as reduced visual resolution) cannot be ruled out, 
elderly participants were less able to successfully discriminate between the different 
transector locations (for all three line lengths) and so “compensatory” recruitment of 
the LH for landmark task processing does not equate to preserved task performance 
ability equivalent to that of young participants. 
 
Moreover, increased LH involvement could occur as a result of reduced inhibitory 
influence of the RH, in line with an interhemispheric competition account of spatial 
attention control (Kinsbourne, 1977; Duecker et al., 2013; Duecker & Sack, 2015; 
Szczepanski & Kastner, 2013) in combination with accelerated RH aging (Brown & 
Jaffe, 1975; Goldstein & Shelly, 1981; Nagamatsu et al., 2011) and/or a decline in 
corpus callosum integrity with age (Hausmann et al., 2003; Sullivan & Pfefferbaum, 
2006; Koch et al., 2007, 2011). 
 
Potential role of arousal and/or perceptual load 
Rightward spatial biases are often associated with states of both tonic and chronic 
reduced arousal (Bellgrove et al., 2004; Manly et al., 2005; Fimm et al., 2006; Dufour 
et al., 2007; Dodds et al., 2008; Heber et al., 2008; Matthias et al., 2009; Newman et 
al., 2013). In fact, after 1 h of landmark task performance with long lines, a rightward 
shift in the attentional vector was displayed by the young participants in experiment 
1 (including a rightward bias for short lines that was significantly different from 
veridical centre). This pattern of bisection behaviour was remarkably similar to that 
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displayed at baseline by the elderly sample in the current experiment. It is possible 
that a reduction in general alertness over the lifespan (Robinson & Kertzman, 
1990; Goedert et al., 2010; Buysse et al., 2005; Nebes et al., 2009), and/or a 
reduction in functional interaction between RH ventral and dorsal networks 
subserving visuospatial attention (see Thiebaut de Schotten et al., 2011 and the 
discussion of Benwell et al., 2013b), may contribute to a chronic attenuation of 
pseudoneglect in aged individuals. Additionally, the increased difficulty of performing 
the task with short lines (as indexed by the shallower PF curve width values) may 
further hinder RH contribution to the task in states of sub-optimal function (such as 
with aging (Brown & Jaffe, 1975; Goldstein & Shelly, 1981; Nagamatsu et al., 2011) 
or reduced vigilance/increased time-on-task (Fimm et al., 2006; experiment 1)) and 
hence bring about the observed rightward biases. 
 
Line Length Effect and Aging 
Potential neural mechanisms 
The current results show for the first time that, despite an overall rightward shift in 
midpoint judgments in the elderly, reducing line length results in the same pattern of 
behaviour in the elderly as in the young (i.e., a rightward shift in subjective midpoint) 
during landmark task performance. The rightward shifting effects of age and line 
length on midpoint judgment appear to be additive. In a mathematical model of 
bisection behaviour, the line length effect was posited to arise due to asymmetrical 
hemispheric contributions (in favour of the RH) to the perceived salience of line 
stimuli that is more pronounced for long than short lines (Anderson, 1996). In 
experiment 2, the EEG results showed that increased engagement of regions of the 
right lateralized ventral attention network in long relative to short lines contributes to 
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the genesis of the spatial bias. The TPJ represents a key node in the ventral 
frontoparietal attention network implicated in both the orienting of visuospatial 
attention and the maintenance of arousal (Corbetta & Shulman, 2002, 2011). De-
regulation of RH TPJ activity is thought in turn to reduce activation of the 
bihemispheric dorsal frontoparietal network (implicated in the distribution of 
visuospatial attention across the visual field) and has been linked to rightward shifts 
in visuospatial bias in healthy participants (O‟Connell et al., 2011; Newman et al., 
2013). It is plausible that these neural correlates may also underlie the length effect 
observed here in the elderly, over and above any age-related changes in task 
processing. 
 
No evidence for gender specific effects 
Varnava & Halligan (2007) employed manual line bisection to investigate the effects 
of age and gender on bisection performance in healthy participants on three different 
line lengths comparable to those used in the current study. In their study, only males 
showed a rightward shift in bisection bias with age and only for long line 
performance. This effect of gender on manual line bisection performance with aging 
has been supported by subsequent studies, with the effect of aging appearing to be 
strongest for males (Barrett & Craver-Lemley, 2008; Chen et al., 2011). A possible 
explanation for the discrepant finding of no sex difference in the current study could 
be the use of the landmark task instead of manual line bisection (Varnava and 
Halligan, 2007; Barrett & Craver-Lemley, 2008; Chen et al., 2011). In general, 
differences in experimental procedure (such as the viewing distance employed 
(see McCourt & Garlinghouse, 2000; Varnava et al., 2002; Longo & Lourenco, 
2006)), sample demographics and analysis techniques across studies may 
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contribute to the differential findings. Treating age as a continuous variable in a 
sample of participants largely over 40 years old (mean age = 58.7, only 5 out of 44 
participants <40), Chen et al. (2011) dissociated “where” perceptual errors from 
“aiming” motor errors during line bisection and found a rightward shift in perceptual 
midpoint with aging in men only. Thus, further research should aim to explore, ideally 
in larger samples and utilizing the deployment of multiple visuospatial tasks and 
analysis techniques, the reasons underlying these discrepancies in gender- and age-
related effects on visuospatial bias. Although the current experiment was not 
explicitly set up to investigate gender differences, I would propose that non-
perceptual factors may contribute to the previously observed gender specific aging 
effects in pseudoneglect, and that both sexes appear to experience a rightward 
perceptual shift in the visuospatial attention vector with healthy aging. 
 
Comparison to neglect 
The pattern of the line length effect displayed by our elderly sample is in the opposite 
direction to that often observed in unilateral neglect patients. In these patients, a 
reduction in line length generally results in a systematic reduction of the severe 
rightward bias typically exhibited on long lines, with a leftward bias sometimes being 
displayed on very short lines (the “crossover” effect: Halligan & Marshall, 
1988; Marshall & Halligan, 1989; Harvey et al., 1995; Anderson, 1996, 1997; 
Monaghan & Shillcock, 1998, 2004; Ricci & Chatterjee, 2001; Mennemeier et al., 
2005; Veronelli et al., 2014). It therefore appears unlikely that the performance of 
elderly participants can be seen as a mild version of spatial neglect. What seems to 
be the case is that the elderly participants show an overall rightward shift in the 
attentional vector, that is most pronounced for the short lines. However, the 
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comparison of findings from healthy participants with those in neglect patients and 
the “crossover” literature is complicated by the large variance of line bisection 
performance patterns both within and across patients (Halligan et al., 1990) and 
common concurrent primary visual and motor deficits post-stroke (Doricchi et al., 
2005; Binetti et al., 2011; Kerkhoff & Schenk, 2011). The 150 ms landmark task 
presentation duration employed here minimizes the influence of non-perceptual 
motor components such as hand use and visual scanning on bisection decisions 
(Milner et al., 1992; Luh, 1995; Bisiach et al., 1998; Toraldo et al., 2004). Employing 
the paradigm from the current study in RH stroke neglect patients both with and 
without concomitant primary visual deficits would be highly informative in terms of 
elucidating further purely perceptual contributions to the line length effect in neglect 
and the potential role played by primary visual deficits in the commonly observed 
“crossover” effect (Doricchi et al., 2005; Binetti et al., 2011). 
 
Future Directions 
The neural origin(s) of the additive effects of aging and line length remain unclear. It 
is possible that two independent processes influencing spatial bias are at play, one 
affected by aging (leading to a rightward shift) and the other unaffected (preserving 
the line length effect in healthy aging). The introduction of neuroimaging techniques 
is likely to represent an important step with regard to answering this and many more 
of the open questions pertaining to visuospatial processing in the elderly. To our 
knowledge, neuroimaging studies of bisection task performance to date have been 
restricted to young healthy participants, revealing strong RH dominance for task 
processing (Fink et al., 2000a, 2000b, 2001; Foxe et al., 2003; Waberski et al., 
2008; Çiçek et al., 2009; Thiebaut de Schotten et al., 2011; Cavézian et al., 
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2012; experiment 2). Using EEG and a passive viewing task, De Sanctis et al. 
(2008) showed reduced hemispheric asymmetry of early-visual processing in elderly 
compared to young participants. As discussed, experiment 2 links the genesis of the 
landmark task bias to the RH amplitude of an early component (N1) of the visual 
evoked potential. In addition, the magnitude and direction of bias have also been 
linked to the relative anatomical hemispheric lateralization of a parieto-frontal white 
matter pathway (Thiebaut de Schotten et al., 2011). Investigation of these neural 
modulators of visuospatial bias in the elderly represents a natural and potentially 
illuminating next step. 
 
Interim Conclusion 
 
In experiment 1 (presented in Chapter One), it was found that decreased line length 
and extended time-on-task have an additive effect on subjective midpoint estimation, 
both resulting in a rightward shift. However, the rightward shift with time-on-task 
(present after roughly 1 hour of task performance for both line lengths including a 
systematic rightward bias in short lines) only occurred for extended performance with 
long lines and not for extended performance with short lines. The results suggest 
that both long and short line bisection performance engage a common mechanism 
but that the magnitude and direction of lateralized bias depends on the momentary 
degree to which this mechanism is engaged as a function of the stimulus input and 
endogenous state.    
  
The EEG results from experiment 2 (presented in Chapter Two) showed that an 
asymmetric hemispheric contribution (in favour of the RH TPJ) during visual 
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processing of long lines that is not present during short line processing represents 
the neural correlate of the line length effect. This effect occurred roughly 150 ms 
post-stimulus onset independently of the task being performed (i.e. was stimulus 
driven). The approach of utilising stimulus- and state-driven modulators of bias with 
concurrent neuroimaging during task performance offers a novel opportunity to 
elucidate the mechanisms of visuospatial attention bias and the neural networks 
involved.  
 
The results of experiment 3 (presented in Chapter 3) showed an overall rightward 
shift in subjective midpoint judgements from young to elderly participants, as well as 
an overall decrement in task performance precision in the elderly. Interestingly, the 
effects of increased age and reduced line length were found to be additive. As in 
experiments 1 and 2, young participants displayed a rightward shift in bias from a 
leftward bias in long lines to no systematic bias in short lines. In the elderly group, no 
bias was present for long line performance but a systematic rightward bias was 
displayed during short line performance.    
 
In the final experiment, I sought to investigate the influence of hemispheric activation 
asymmetry on visuospatial attention processing through the employment of bilateral 
parietal tDCS. Additionally, tDCS-intensity was modulated and baseline performance 
indexed in order to assess whether the large inter-individual variability in tDCS 
outcome reported previously (de Berker et al., 2013, Krause & Cohen Kadosh et al, 
2014, López-Alonso et al., 2014, Wiethoff et al., 2014) may be accounted for by a 
stochastic resonance model of NIBS (Miniussi et al., 2013).    
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Chapter 4 
 
The effects of bi-parietal tDCS on visuospatial attention: an 
interaction between current strength and discrimination sensitivity 
 
Introduction 
Both magnetic and electrical non-invasive brain stimulation techniques are becoming 
increasingly established modulators of visuospatial attention function (Walsh & 
Pascual-Leone, 2003; Fierro et al., 2000; 2001; Hilgetag et al., 2001; Pourtois et al., 
2001; Bjoertomt et al., 2002; Ellison et al., 2004; Dambeck et al., 2006; Szczepanski 
& Kastner, 2013; Mahayana et al., 2014; Kim et al., 2005; Sparing et al., 2009, Giglia 
et al., 2011, Loftus & Nicholls, 2012; Wright & Krekelberg, 2014). Transcranial direct 
current stimulation (tDCS) involves the application of a weak electrical current to the 
scalp which shifts the resting membrane potential of the underlying cortical neurons, 
thereby allowing for an up- versus down-regulation of the neuronal firing rate 
depending on the polarity of stimulation (anodal vs. cathodal), as shown in animals 
(Bindman et al., 1964; Creutzfeldt et al., 1962) with an analogous effect on motor 
cortex excitability in humans (Nitsche & Paulus, 2000; Stagg & Nitsche, 2011). In 
cognitive studies using tDCS, a similar a priori assumption is often made, where 
behavioural effects are directly mapped onto these physiological effects. However, 
the classic anodal-facilitation/cathodal-inhibition distinction does not always hold for 
cognitive functions (Jacobson et al., 2012a; Vallar & Bolognini, 2011) and the effects 
are dependent on differences in the initial activation state of the stimulated network 
(Antal et al., 2007; Dockery et al., 2009) and/or current strength (Hoy et al., 2013). 
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Nonetheless, along with the utility of tDCS as a research tool for investigating the 
functional architecture of the brain, there is growing interest in the therapeutic and 
neuroenhancing potential of tDCS for various cognitive dysfunctions including spatial 
neglect (Oliveri, 2011; Brunoni et al., 2012) despite large intra-individual variability in 
tDCS-outcome (López-Alonso et al., 2014; Wiethoff et al., 2014, Krause & Cohen-
Kadosh, 2014).  
 
An explanation for this outcome variability may lie in the trait- and/or state-dependent 
nature of tDCS effects. Previous studies have shown that tDCS outcome is not 
always uniform, but instead can be dependent on factors such as differences in 
individual trait levels (Berryhill & Jones, 2012; Dockery et al., 2009; Hsu et al., 2014; 
Learmonth et al., 2015; Sarkar et al., 2014 and Tseng et al., 2012), the initial 
activation state of the stimulated network (Antal et al., 2007) and the administered 
current strength (Batsikadze et al., 2013; Hoy et al., 2013 and Teo et al., 2011). 
Failure to account for potentially subtle differences in sample characteristics and/or 
experimental design may hence explain the large variability in tDCS-outcome across 
participants and studies (Horvath et al., 2015a; Horvath et al., 2015b; Krause & 
Cohen Kadosh, 2014; López-Alonso et al., 2014 and Wiethoff et al., 2014). For a 
better understanding of tDCS effects, it is therefore of importance to map those 
factors, and the relationships between them, that may determine tDCS outcome 
across different cognitive domains. 
 
Here, I tested the contribution of two factors in influencing tDCS outcome on 
visuospatial attention bias. Previous studies have independently suggested tDCS 
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intensity (Batsikadze et al., 2013; Hoy et al., 2013 and Teo et al., 2011) and baseline 
task ability (Berryhill & Jones, 2012; Dockery et al., 2009; Hsu et al., 
2014; Learmonth et al., 2015 and Tseng et al., 2012) to be important contributing 
factors. In the present study, I manipulated tDCS intensity while at the same time 
accounting for individual differences in baseline performance. Recent papers have 
highlighted the dependence of non-invasive brain stimulation (NIBS) outcome 
onendogenous neural activity at the moment of stimulation, i.e., on baseline activity 
(e.g. Miniussi et al., 2013; Miniussi et al., 2010 and Ruzzoli et al., 2010). One 
framework in particular distinguishes between task-informative and task-
uninformative neurons in the stimulated cortex at baseline (Bienenstock et al., 
1982; Cattaneo et al., 2008, Cattaneo et al., 2010; Silvanto et al., 2007 and Silvanto 
et al., 2008), or the related concepts of signal and noise (Abrahamyan et al., 
2011; Miniussi et al., 2010; Miniussi et al., 2013; Ruzzoli et al., 
2010 and Schwarzkopf et al., 2011), and highlights that it is the relative activity of 
task-informative versus uninformative neurons (or signal-to-noise ratio) at baseline 
that will shape NIBS-induced perceptual/behavioural effects (for examples 
see Silvanto et al., 2007; or Abrahamyan et al., 2011). Accordingly, it is of interest to 
test measures that index the balance between these types of neuronal activities at 
baseline as to their explanatory potential for tDCS outcome, alongside other 
potentially determining factors (e.g., tDCS-intensity). One such measure is the slope 
of the psychometric function (PF). In PFs derived from two-alternative forced 
choice (2-AFC) tasks, changes in slope have been linked to changes in intrinsic 
uncertainty, or the ability to distinguish information from task-relevant and task-
irrelevant “channels”, in guiding perceptual decisions (Gold & Ding, 2013; Kontsevich 
& Tyler, 1999; Pelli, 1985; Pelli, 1987 and Tyler & Chen, 2000) (see also Aihara 
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et al., 2008 and Aihara et al., 2010 for use of the slope/width of the PF as a measure 
of internal noise). This intrinsic uncertainty reflected in the slope has been proposed 
to arise at a late readout stage of sensory information processing, and Gold et al., 
(2010) have identified selective neuronal pooling mechanisms in the parietal cortex 
that may reduce this intrinsic uncertainty and hence increase the PF slope. Based on 
this interpretation of the slope of the PF and the NIBS/tDCS-literature reviewed 
above, I predicted that tDCS effects may differ depending on the administered 
current intensity and the psychophysical measure of intrinsic task uncertainty at 
baseline, and tested for the first time for an interaction between the two. To this end, 
I applied tDCS at 1 mA and 2 mA (between participants) and split participant into 
groups according to the slope of the fitted PF (discrimination sensitivity). 
 
These predictions are here tested using tDCS over bilateral parietal cortex, known to 
play a crucial role in visuospatial attention processing (Kinsbourne, 1977; 
Blankenburg et al., 2010; Szczepanski & Kastner, 2013; experiment 2). Stimulation 
of this network by tDCS has been shown to influence both non-spatial (Bolognini et 
al., 2010a; 2010b; Ball et al., 2013; Jacobson et al., 2012b; Moos et al., 2012) and 
spatial aspects of visual attention in healthy participants (Sparing et al., 2009; Giglia 
et al., 2011; Loftus & Nicholls, 2012; Wright & Krekelberg, 2014), although with 
inconsistent results across studies, particularly in terms of non-spatial aspects of 
performance. Here, I sought to investigate the influence of the administered current 
strength and the psychophysical metric of intrinsic uncertainty at baseline on a 
previously observed effect of bi-parietal tDCS on pseudoneglect as displayed during 
perceptual line bisection (Giglia et al., 2011). Giglia et al., (2011) showed a rightward 
shift in subjective midpoint during landmark task performance when participants 
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received 1 mA, bi-parietal (Left anode/Right cathode) stimulation. Here, in a larger 
sample of participants, across two current strengths (1 mA and 2 mA) and 
accounting for baseline intrinsic task uncertainty, I sought to replicate this bi-parietal 
effect. Additionally, the introduction of the reversed polarity (Left cathode/Right 
anode) allowed for a direct test of one of the main predictions of the interhemispheric 
competition theory (ICT) of visuospatial attention (Kinsbourne, 1977; Sparing et al., 
2009 and Szczepanski & Kastner, 2013), namely that the respective polarities should 
induce opposing shifts in spatial bias.    
 
Methods 
 
Participants  
Forty right-handed participants took part in the experiment. One participant had to be 
excluded due to task performance not being above chance level (non-adherence to 
task) and another one dropped out (not returning for sessions 2–3). This led to 38 
participants whose data were entered into the final analysis (19 male, 19 female, 
mean age = 22.9 years; SD = 3.16). All participants were naive to the experimental 
hypothesis being tested, had normal or corrected-to-normal vision and reported no 
history of neurological disorder or any other contraindication for tDCS. Each 
participant gave written informed consent to participate in the study, which was 
approved by the local Ethics Committee of the College of Science and Engineering 
(University of Glasgow). 
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Transcranial direct current stimulation (tDCS)  
Bilateral tDCS was delivered over parietal cortices through a battery-driven, constant 
current stimulator (NeuroConn GmbH, Germany) using two 4 × 4 cm surface 
electrodes (placed in saline-dampened sponges). One electrode was positioned over 
the left and the other over the right parietal region (centred on P5 and P6 of the 10–
20 International EEG system: adopted from Giglia et al., 2011). Here, three different 
bi-parietal stimulation protocols were administered to each participant on separate 
days: (i) Left anode/right cathode (LA/RC) (replicating Giglia et al.'s design); (ii) Left 
cathode/right anode (LC/RA) (extending Giglia et al.'s design by introducing an 
opposite electrode polarity) and (iii) sham stimulation (in which electrode polarity was 
counter-balanced across participants). Stimulation duration was 20 min (with 30-sec 
ramping up/down), but stimulation was discontinued after 30-sec in sham. Half of the 
participants (n = 19) received 1 mA stimulation (current density = .0625 mA/cm²) for 
each stimulation protocol, while the other half (n = 19) received 2 mA stimulation 
(current density = .125 mA/cm²). The tDCS sessions were separated by at least 24 h 
for each participant with counter-balanced ordering of the tDCS protocols across 
participants to control for learning and carry-over effects.  
 
Stimuli and task  
To assess discrimination sensitivity and pseudoneglect direction and magnitude at 
baseline as well as changes with bi-parietal tDCS, the same computerized version of 
the landmark task was administered as in experiments 1, 2 and 3. Lines measured 
24.3cm in length by 0.5cm in height and, at a viewing distance of 70cm, subtended 
19.67° (width) by .40° (height) of visual angle. Lines were transected at 1 of 17 
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points ranging symmetrically from ±4% of absolute line length relative to and 
including veridical centre (see 15 for an example of a line stimulus). This represented 
a range of −0.8° (-24 pixels) to 0.8° (24 pixels) of visual angle relative to veridical 
centre.  
 
Figure 14A depicts a schematic representation of the trial procedure employed. Each 
trial began with presentation of a fixation cross (0.40° (height) × 0.40° (width) of 
visual angle) for 1 second followed by presentation of a transected line for 150 ms. 
The fixation cross then reappeared for the duration of the response period, during 
which participants indicated which end of the line the transection mark had appeared 
closest to, by pressing either the left or right response key. Participants always 
responded using their dominant right hand (right index and middle finger 
respectively) and were instructed to keep their gaze on the fixation cross throughout 
each trial. The subsequent trial began as soon as the response was made. Trials 
lasted approximately 2 seconds with each block lasting 3-4 minutes. Trial type 
(location of transector in line) was selected at random. 
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Figure 14. Schematic representations of the trial and session procedures. (A) A schematic representation of the trial 
procedure. Following 1000ms presentation of a fixation cross, transected lines were presented for 150ms before reappearance 
of the fixation cross on the screen until the subject responded, by pressing either the left or right (shorter) response key. The 
subsequent trial began as soon as the response was made. (B) A schematic representation of the session procedure. „P‟ 
represents a set of 9 practice trials preceding each baseline block. Each participant completed all three session procedures on 
separate days, with the order counter-balanced across participants. 
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Procedure (see Figure 14B)  
At the beginning and end of each experimental session, all participants completed 
the Stanford Sleepiness Scale (Hoddes et al., 1973). Participants were then seated 
and their midsagittal plane aligned with the display monitor. Viewing distance was 
kept constant using a chin rest. The electrodes were then attached to the 
participants scalp by the experimenters and held in place by a rubber band. After 
tDCS set-up was complete, the task was explained to the participant and a block of 9 
practice trials was performed immediately prior to the beginning of the experimental 
blocks. During the practice block, only the most lateral transector locations to both 
the left and right of veridical centre were presented (i.e., ± 4% of absolute line 
length). Accordingly, participants were able to perform the task without difficulty. 
Upon completion of the practice block, all participants indicated that they understood 
the task and were ready to begin the experiment (that no further practice was 
required). In each of the three days testing LA/RC-, LC/RA- and sham-tDCS 
respectively, each participant completed 10 experimental blocks of the landmark 
task. Each experimental block consisted of 136 trials (8 judgments at each of the 17 
transector locations). The first block was performed with no tDCS and served as a 
baseline against which performance in the subsequent 9 blocks (#2–10) was 
compared. After performance of the first block, participants were instructed to wait 
while tDCS was turned on by the experimenter. Once the stimulation was initiated, 
participants were instructed to begin the second block and continue at their own 
pace with the rest of the experiment. Participants were allowed to take short breaks 
between blocks. During active tDCS sessions, stimulation ended for the majority of 
participants between blocks 6 and 7. The entire experiment lasted approximately 40–
50 min. At the end of every session, each participant completed a questionnaire 
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assessing their subjective experience of possible side effects associated with tDCS 
(Kessler et al., 2012). The side-effects assessed were headache, tingling, itching, 
burning and pain, on a scale of 1 (not experienced at all) to 5 (experienced very 
strongly). In addition, at the end of their final session, each participant was asked to 
guess in which of the three experimental sessions they had received sham 
stimulation. Both the side-effect questionnaire and the sham identification question 
were used to investigate any potentially confounding differences in the experience of 
tDCS between our four experimental groups (see O'Connell et al., 2012 and Russo 
et al., 2013).   
 
Data Analysis 
Psychometric function (PF) measures 
The two dependent variables were the width and PSE of the individually fitted 
psychometric functions (fitting the same cumulative logistic function as in 
experiments 1, 2 and 3). The curve width of the fitted PF provides a measure of the 
precision of the participants‟ line midpoint judgments per block (visual discrimination 
sensitivity) and hence was adopted here as an index of baseline intrinsic uncertainty 
(curve width in block 1 without tDCS: High width values indicate high intrinsic 
uncertainty, low width values indicate low intrinsic uncertainty). PF measures were 
obtained for all ten blocks of each of the three sessions in every participant. 
However, since I was interested in replicating (and extending) the previously 
observed effects of tDCS on subjective midpoint estimation (Giglia et al., 2011), PSE 
was the tDCS outcome measure of interest whilst curve width was primarily 
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employed as a measure by which to split participants according to intrinsic 
performance level at baseline. 
 
Experimental group assignment  
In order to investigate whether participants‟ baseline discrimination sensitivity would 
influence the effects of tDCS on the PSE of the psychometric function, participants 
were split into 4 groups. Group assignment was based on the participants‟ baseline 
PF curve width estimates (averaged over the baseline data from all three sessions). 
Separately for each current intensity (1 mA, 2 mA), participants displaying baseline 
PF curve width below the group average were assigned to the „high discrimination 
sensitivity‟ („HDS‟) groups and those displaying widths above the average were 
assigned to the „low discrimination sensitivity‟ („LDS‟) groups. The group 
demographics were as follows: (i) 1 mA „HDS‟ group (5 male, 5 female, mean 
age = 23 yrs, range: 20–29) (ii) 1 mA „LDS‟ group (5 male, 4 female, mean 
age = 24.2 yrs, range: 18–35), (iii) 2 mA „HDS‟ group (5 male, 6 female, mean 
age = 22.27 yrs, range: 17–26), (iv) 2 mA „LDS‟ group (4 male, 4 female, mean 
age = 22.28 yrs, range: 20–25).  
 
Baseline data (block 1, no tDCS): Test-retest reliability of PF curve width and 
PSE between sessions  
In order to assess the consistency of the measures (PF width and PSE) within 
participants, robust correlation analyses were performed between the values 
obtained during the baseline blocks of the three testing sessions. This analysis was 
120 
 
performed separately for width and PSE values respectively using Spearman‟s rho 
and Shepherd‟s pi. Shepherd's pi is a robust test of statistical association between 
two variables. Outliers are detected by first bootstrapping the Mahalanobis distance 
of each data point from the bivariate mean and then excluding all observations 
whose distance is ≥6. Shepherd's pi is equivalent to Spearman's rho after outlier 
removal. The p-value is doubled because the removal of outliers can inflate false 
positive rates (Schwarzkopf et al., 2012).  
 
TDCS-effects on PSE values between the baseline block (#1) and the subsequent 9 
blocks (#2–10) were analysed using repeated measure analysis of variance 
(ANOVA). Shifts across the course of each experimental session were isolated by 
subtracting the PSE of baseline block 1 from each of blocks 2–10 within each 
participant. In order to isolate tDCS induced behavioural effects during the active 
sessions, the raw shift values obtained for each block of the sham session were then 
subtracted from each corresponding block of the active sessions (LC/RA and LA/RC 
respectively). This allowed for subtraction from the data of the potentially 
confounding influence of the time-on-task effect observed during extended landmark 
task performance with long lines in experiment 1 (see also Benwell et al., 2013b 
and Manly et al., 2005). The ANOVA then comprised the between-subjects factors 
tDCS-intensity [2 levels: 1mA vs. 2mA] and Baseline performance level [2 levels: 
good vs. poor performers] and the within-subject factors tDCS-polarity [2 levels: 
LC/RA vs. LA/RC] and Block-rank [9 levels: blocks 2:10]. The dependent variable 
was the PSE. 
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Results 
Baseline performance and sham data across groups 
Figure 15A illustrates group-averaged PFs fitted to baseline data (block 1 collapsed 
across all three experimental sessions) for all four groups of participants (resulting 
from the 2 × 2 between-subject aspect of our design), consisting of either 
participants with steep slope/narrow curve width of the individually fitted PFs (“high 
discrimination sensitivity”) or shallow slope/large curve width (“low discrimination 
sensitivity”), before undergoing either 1 mA- or 2 mA-tDCS. All four experimental 
groups displayed pseudoneglect at baseline. This is illustrated in the left-biased 
subjective midpoint judgments (see dotted lines in Fig. 15A, corresponding to 50% 
left/right-responses, hence PSE), which are all significantly displaced to the left of 
veridical centre, as the 95% confidence intervals of the group-averaged PSEs do not 
overlap zero (veridical centre) for any of the groups [1 mA- ‘high discrimination 
sensitivity’ group: mean: −2.05 pixels/confidence interval (CI): −2.33 to −1.78; 1 mA-
‘low discrimination sensitivity’ group: mean: −1.24 pixels/CI: −1.79 to −.60; 2 mA-
‘high discrimination sensitivity’ group: mean: −2.13 pixels/CI: −2.44 to −1.81; 2 mA- 
‘low discrimination sensitivity’ group: mean:−3.43 pixels/CI: −3.96 to −2.90]. 
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Figure 15. Baseline performance (block 1 before tDCS). (A) presents group averaged baseline psychometric functions (PFs) 
averaged over all three testing sessions (LA/RC, LC/RA, sham). Symbols plot mean percent left responses as a function of 
transector location per group (‟high discrimination sensitivity‟ (HDS) vs. „low discrimination sensitivity‟ (LDS) performers: black 
vs. grey symbols) and tDCS intensity (1mA vs. 2mA: upper vs. lower panel). The grey black (HDS performers) and grey (LDS 
performers) smooth curves represent the best-fitting least-squares cumulative logistic PFs. The points at which the vertical 
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dashed lines (black: HDS performers; grey; LDS performers) cross the black horizontal dashed line indicate the transector 
locations corresponding to the 50% left response rate (PSE‟s). (B) (upper panels) plots correlations between the individually 
fitted baseline PF widths from each of the three experimental sessions (dashed lines represent the upper and lower limits of the 
95% confidence interval (CI) for the fitted slope (solid line)). (B) (lower panels) plots the correlations (slope = solid line, 95% CI 
= dashed lines) for individually fitted baseline PF PSE values from each of the sessions. Corresponding correlation analyses 
(Spearman‟s rho and Shepherd‟s pi) revealed all of the tested correlations to be significant, indicating high test-retest reliability 
of the employed measures. 
 
Fig 15B (upper panels) illustrates the consistency of baseline values within 
participants across the three sessions (i.e., for the repeated baseline measures 
before LC/RA-, LA/RC- and sham-tDCS) for visual discrimination sensitivity (curve 
width). Fig. 15B (lower panels) plots the same data but for visuospatial attentional 
bias (PSE values). To probe test-retest reliability across the three baseline sessions, 
consistency was estimated for both psychometric measures of line bisection 
performance between all session-combinations (LC/RA vs LA/RC; LC/RA vs sham, 
LA/RC vs sham) using correlation analysis (see Fig. 15B, bottom right hand corner of 
each scatter-plot). The results replicate previous studies showing lateralized 
landmark task bias to be a stable, predictable trait within participants (McCourt, 
2001; Benwell et al., 2013b; Tomer et al., 2013 and Varnava et al., 2013), and 
extends this in the first instance also to visual discrimination sensitivity during 
landmark performance. 
 
To exclude that any effects of tDCS may be driven by group differences at baseline, 
or across sham conditions (given the 2 × 2 between subject design), it was first 
established that there were no baseline or sham differences across these groups. In 
terms of the individually fitted PSE values at baseline across the 2 × 2 groups (i.e., 
baseline performance level × tDCS-intensity), there was no significant difference. 
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There were no effects of tDCS-intensity [F(1,34) = .814, p = .373], of baseline 
performance level [F(1,34) = .015,p = .902], and no interactions between these 
factors [F(1,34) = .749, p = .393]. In terms of curve width at baseline, there were 
likewise no effects of tDCS-intensity [F (1,34) = .07, p = .793] nor any interaction with 
baseline performance [F(1,34) = 1.054, p = .312], while the performance groups 
differed [as this was the splitting criterion: F (1,34) = 110.244, p < .001]. Additionally, 
there was no difference between groups in baseline sleepiness rating scales 
[Kruskal–Wallis test: X2 (3) = .639, p = .887]. The absence of any difference at 
baseline on the dependent variable (PSE) between the 2 × 2 groups rules out that 
any effect of tDCS on PSE (baseline corrected) originates in a baseline difference. 
Similarly, analysis of sham PSE data (baseline corrected) did not reveal any effect of 
tDCS-intensity [F(1,34) = .06,p = .808], baseline performance 
[F(1,34) = .932, p = .341] nor any interaction between these factors 
[F(1,34) = .522, p = .475], ruling out that any effect of tDCS on PSE (additionally 
sham corrected) originates in a sham difference between groups. 
 
Questionnaire data: discriminability of tDCS protocols (1 mA vs 2 mA, active 
minus sham) based on subjective experience across groups 
Active tDCS was well tolerated with low mean difference-ratings (active minus sham) 
of <0.5 (out of 5) across all assessed side effects (headache, tingling, itching, 
burning, pain). No significant differences in tDCS associated side-effects were found 
between groups (Kruskal–Wallis tests performed for each side-effect separately, 
all p's > .05) indicating that protocols were similar in associated (low) discomfort. 
Overall, 50% of the participants correctly identified in which of the three sessions 
they had received sham tDCS. Broken down by intensity, correct guess rate was 
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47% versus 53% in the 1 mA versus 2 mA groups respectively. No significant 
difference in the proportion of correct guesses was found between the four 
experimental groups (Pearson Chi-Square = 1.429, p = .735). Hence, the 
discriminability of the active protocols (compared to sham) based on subjective 
experiencewas not different between the experimental groups. 
 
Effects of bi-parietal tDCS on lateralized visuospatial attentional bias 
I then examined the effects of tDCS on lateralized visuospatial attention bias 
(indexed by the estimated PSE of the fitted PF). To this end, a 2 × 2 × 2 × 9 ANOVA 
on baseline and sham-corrected data (factors: tDCS-polarity, tDCS-intensity, 
Baseline performance level, Block-rank) was employed. See Fig. 16A for baseline 
corrected data across all blocks and conditions, and Fig. 16B for baseline/sham 
corrected data collapsed across blocks. I expected a polarity specific effect of tDCS 
on visuospatial bias (replicating Giglia et al., 2011), possibly as a function of the two 
contributors of tDCS outcome, i.e., tDCS intensity and baseline performance levels. 
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Figure 16: Effects of bi-parietal tDCS on visuospatial attentional bias during line bisection. Negative values (plotted 
downwards) on the y-axis represent a leftward shift in subjective midpoint whereas positive values represent a rightward shift in 
subjective midpoint relative to baseline (Fig 16A) and sham (Fig. 16B). (A) presents the mean shifts in pixels (±1 S E.) of 
landmark task PF point-of-subjective-equality (PSE) from baseline (block 1) across the subsequent 9 blocks of the experiment 
(x-axis) for the LC/RA condition (dark and light fill blue squares and lines), the LA/RC condition (dark and light fill red squares 
and lines) and the sham condition (white squares and black lines) in the 1 mA „high discrimination sensitivity‟ (HDS) performers 
(top left panel), the 1 mA „low discrimination sensitivity‟ (LDS) performers (middle left panel), the 2 mA „HDS‟ performers (top 
right panel) and the 2 mA „LDS‟ performers (middle right panel) respectively. The solid grey horizontal bars represent the 
stimulation duration (20 min). (B) presents the group average („HDS‟ performers = dark fill/colour bars, „LDS‟ performers = light 
fill/colour bars) shifts in PSE (baseline-corrected and sham-normalised) averaged over blocks 2–10 across both current 
strengths (x-axis) for the LC/RA condition (bottom left panel) and the LA/RC condition (bottom right panel) respectively. LA/RC-
tDCS led to a rightward shift in visuospatial attention bias in the 1 mA „HDS‟ group (high baseline signal/noise ratio) and in the 
2 mA „LDS‟ group (low baseline signal/noise ratio) whereas no shifts in spatial bias were observed in either the 1 mA „LDS‟ 
group or in the 2 mA „HDS‟ group. 
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The ANOVA revealed no significant main effects of the two tDCS manipulations, i.e., 
tDCS-polarity [F(1, 34) = 1.796, p = .189, ηp² = .05] and tDCS-intensity [F(1,34) = 
.001, p = .993, ηp² = .001] as well as no main effects of baseline performance level 
[F(1,34) = .016, p = .9, ηp² = .001] or block-rank [F(8, 272) = .51, p = .848, 
ηp² = .015]. In addition, tDCS polarity did not show a two-way interaction with either 
of the two potential contributors to tDCS outcome investigated here (tDCS-intensity 
or baseline performance, both F's < .759, p's > .390, ηp²‟s < .022), nor was there any 
interaction of this factor with block rank [F(8,272) =  .793, p  = .609, ηp² = .023]. 
Hence, when considering tDCS-polarity independently of any other factor, or as a 
function of tDCS-intensity and baseline performance separately, there was no 
discernible effect of tDCS-polarity in our sample of 38 participants. 
 
Crucially however, tDCS outcome (polarity-specific) depended on both tDCS-
intensity and individual performance level at baseline, as revealed by a significant 3-
way interaction between tDCS-polarity × tDCS-intensity × Baseline performance 
level [F(1,34) = 7.221,p = .011, ηp² = .175], that was independent of block-rank [no 
4-way interaction with factor block: F(8,272) = .602, p = .776, ηp² = .017] (illustrated 
in Fig 16B). Post hoc analysis revealed a significant tDCS-intensity × Baseline 
performance interaction for the LA/RC-montage [F(1,34) = 8.465, p = .006, ηp² 
= .199, Fig. 16B, right panel] not present for the other polarity-reversed (LC/RA) 
montage [F(1,34) = .041, p = .842, ηp² = .001, see Fig. 16B, left panel]. 1 mA LA/RC 
tDCS led to a larger rightward shift in PSE in the „high discrimination sensitivity‟ 
group compared to the „low discrimination sensitivity‟ group that almost reached 
significance [t(17) = 1.757, p = .097, Cohen's d = .8] whereas 2 mA-tDCS led to the 
opposite pattern: a larger rightward shift in PSE was observed in the „low 
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discrimination sensitivity‟ group than in the „high discrimination sensitivity‟ group 
[t(17) = −2.503, p = .023, Cohen's d = −1.08]. 
 
To test whether the observed rightward shifts in midpoint judgment with LA/RC-tDCS 
differed significantly from what would be expected with extended time-on-task alone 
(whether differing significantly from sham), one-sample t-tests (versus 0) were 
performed on the shift values for each group separately. 1 mA LA/RC tDCS led to a 
significant rightward shift in visuospatial attentional bias in the group with steep 
slope/narrow curve width („high discrimination sensitivity‟) [t(9) = 2.866, p = .019, 
Cohen's d = 1.91] and 2 mA LA/RC tDCS led to a significant rightward shift in the 
group with shallow slope/wide curve width („low discrimination sensitivity‟) [t(7) = 
3.274, p = .014, Cohen's d = 2.47]. No shift was observed in the other groups [1 mA 
LA/RC, „low discrimination sensitivity‟: t(8) = −.351, p = .735, Cohen's d = .25; 2 mA 
LA/RC, „high discrimination sensitivity‟: t(10) = −.141, p = .891, Cohen's d = .09]. 
Hence, when tDCS intensity and baseline performance levels were considered, 
polarity specific effects with large effect sizes >>1 (consisting of a statistically 
significant rightward shift with LA/RC-tDCS) became evident even in small groups of 
9–10 participants. In contrast, a t-test against zero on LA/RC data, not differentiating 
between tDCS intensity and baseline performance (i.e., considering the whole group 
of all 38 participants), only revealed a trend [t(37) = 2.003, p = .052] with a medium 
effect size (Cohen's d = .66), despite the large number of participants. For the same 
comparison in the LC/RA condition, no shift was observed [t(37) = .664, p = .511, 
Cohen's d = .22]. 
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Effects of bi-parietal tDCS on discrimination sensitivity 
I also subjected visual discrimination sensitivity (indexed by the estimated width of 
the fitted PF) to the above 2 × 2 × 2 × 9 ANOVA on baseline- and sham-corrected 
data as well as to one sample t-tests against zero. In brief, the interaction of interest 
(tDCS-polarity × tDCS-intensity × Baseline performance level) was not significant 
[F(1,34) = .05, p = .824, ηp² = .001], but Baseline performance level and tDCS-
intensity were found to interact [F(1,34) = 13.36, p < .001, ηp² = .282; see Figure 17 
for the corresponding data]. This may be suggestive of tDCS also affecting 
discrimination sensitivity (not only attentional bias) depending on the potential 
contributors to tDCS outcome (i.e., tDCS intensity and individual baseline 
performance level). However, these changes were inconclusive for two reasons. 
First, while there was a trend for active tDCS to show a Baseline 
performance × tDCS-intensity interaction [LA/RC: F(1,34) = 3.871, p = .057, ηp² 
= .102: LC/RA: F (1,34) = 3.679, p = .064, ηp² = .098], this interaction was also 
present (with inverted directionality) in the sham data [F(1,34)  =  4.793, p  =  .035, 
ηp²  =  .124] (unlike for the attentional bias). Hence, the results may have been 
driven to some degree by the sham data and to a lesser extent by tDCS. Second, 
one sample t-tests did not provide clear evidence for changes during tDCS relative to 
sham [LA/RC: t(1,37) = −.394, p = .696, Cohen's d = .13: 
LC/RA: t(1,37) = 1.337, p = .190, Cohen's d = .44] (again unlike for the attentional 
bias). Potential tDCS-effects on visual discrimination sensitivity were hence clearly 
weaker (if present at all) than the effects on attentional bias. 
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Figure 17: Effects of bi-parietal tDCS on visual discrimination sensitivity during line bisection. Negative values (plotted 
upwards) on the Y-axis represent an improvement in performance whereas positive values represent a decrement in 
performance relative to baseline (A) and sham (B). (A) presents the mean shifts in pixels (±1 S.E.) of landmark task PF curve 
width from baseline (block 1) across the subsequent 9 blocks of the experiment (x-axis) for the LC/RA condition (dark and light 
fill blue squares and lines), the LA/RC condition (dark and light fill red squares and lines) and the sham condition (white 
squares and black lines) per group/condition (1mA „HDS‟ performers: top left panel, 1mA „LDS‟ performers: middle left panel, 
2mA „HDS‟ performers: top right panel, 2mA „LDS‟ performers: middle right panel). The solid grey horizontal bars represent the 
stimulation duration (20 minutes). (B)  presents the group average („HDS‟ performers = dark fill/colour bars, „LDS‟ performers = 
light fill/colour bars) shifts of PF curve-width (baseline-corrected and sham-normalised) averaged over blocks 2-10 per current 
strengths (x-axis) for the LC/RA condition (bottom left panel) and the LA/RC condition (bottom right panel) respectively. 
Observers with high baseline discrimination sensitivity (high signal-to-noise) benefitted from 1mA-tDCS (low amount of added 
noise) relative to low discrimination sensitivity observers, while observers with low baseline discrimination sensitivity (low 
signal-to-noise) benefitted from 2mA-tDCS (high amount of added noise) as compared to high discrimination sensitivity 
observers. 
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Discussion 
The main findings from experiment 3 were three-fold. First, the polarity specific 
effect of bi-parietal tDCS with a LA/RC electrode montage leading to a rightward shift 
in subjective midpoint (Giglia et al., 2011) was replicated, but the opposite effect with 
LC/RA-tDCS was not found, i.e., this montage did not shift attention leftward. 
Second, only a weak overall effect was found in a group of 38 participants in line with 
recent meta-analyses of weak effects of tDCS on cognitive outcome measures 
(Horvath et al., 2015b and Jacobson et al., 2012a), yet the effect was found to be 
strong in a subset of participants when they were split according to individual 
baseline discrimination sensitivity; a measure associated with intrinsic uncertainty 
during perceptual decision making (Gold & Ding, 2013). Third, a non-linear 
interaction between this measure of intrinsic uncertainty at baseline and the 
administered tDCS current strength was found. This extends previous studies which 
have separately shown tDCS-effects to depend on the relative 
expertise/performance level of participants (Berryhill & Jones, 2012; Dockery et al., 
2009; Hsu et al., 2014; Learmonth et al., 2015 and Tseng et al., 2012) and the 
administered tDCS-intensity (Batsikadze et al., 2013; Hoy et al., 2013 and Teo et al., 
2011). These three points are discussed in more detail below. 
 
Polarity-specific effects of bilateral tDCS on lateralized visuospatial attention 
bias 
In the data set, polarity specific effects were expressed in a rightward shift of spatial 
attention after LA/RC tDCS, in accordance with the classical cathodal-inhibition and 
anodal-facilitation dichotomy of tDCS (Nitsche & Paulus, 2000;  Stagg & Nitsche, 
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2011). These findings are also in line with previously reported polarity-specific effects 
of parietal tDCS on lateralized visuospatial attention. Anodal tDCS has been found to 
bias attention towards the contralateral visual field and/or cathodal tDCS to bias 
attention away from the contralateral visual field, both in animals (Schweid et al., 
2008) and humans (Giglia et al., 2011; Loftus & Nicholls, 2012; Sparing et al., 
2009 and Wright & Krekelberg, 2014). In the current study, only the LA/RC-montage 
shifted attention. Because right parietal dominance for visuospatial processing is 
thought to underlie pseudoneglect, a downregulation of right parietal activity through 
LA/RC tDCS may have corrected here for the leftward spatial bias and hence driven 
a rightward shift in the distribution of visuospatial attention. Note that Giglia et al. 
(2011) directly compared bi-parietal LA/RC-tDCS (as applied here) with unilateral 
RC-tDCS and observed a rightward shift in bias in both conditions (relative to sham), 
albeit stronger for bilateral parietal tDCS.. Interestingly, the reversed polarity tested 
here for the first time during landmark task performance (LC/RA) induced no shift in 
subjective midpoint relative to sham, a finding that appears at odds with the ICT 
(Kinsbourne, 1977; Szczepanski & Kastner, 2013). Perhaps tDCS cannot enhance 
the leftward bias further outside of an advantageous range for perception, in analogy 
to Goedert et al., (2010) who observed a similar „ceiling effect‟ during prism 
adaptation in healthy participants. In contrast to the current results, Sparing et al., 
(2009) found polarity-specific bidirectional shifts in visuospatial attention bias 
displayed during a lateralized dot detection task, with unilateral parietal anodal 
versus cathodal tDCS enhancing versus impairing perception of stimuli in the 
contralateral visual field. Though both tasks (lateralized dot detection and the 
landmark task) putatively index lateralized visuospatial bias, the lack of an effect for 
the LC/RA configuration in the current study may suggest differences in the neural 
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networks subserving the respective tasks, or alternatively could be explained by 
differences in the effects induced by unilateral versus bilateral stimulation (see for 
instance Sehm et al., (2013)). 
 
TDCS outcome scales with a psychometric index of intrinsic uncertainty 
(related to signal-to-noise ratio), in interaction with tDCS current strength 
Whilst the results of Giglia et al., (2011) for the LA/RC tDCS montage were here 
replicated, this effect was weak (Cohen's d = .66) across our entire sample (N = 38). 
However, taking into consideration baseline discrimination sensitivity (i.e., the width 
of the PF) and the administered current strength as factors in the analysis revealed 
that these two factors together strongly modulate tDCS-efficacy, with the response to 
tDCS differing between groups. „High discrimination sensitivity‟ participants only 
responded to 1 mA-tDCS (Cohen's d = 1.91), whereas „low discrimination sensitivity‟ 
participants responded only to 2 mA-tDCS (Cohen's d = 2.47). The potentially strong 
influence of subtle differences in sample characteristics and/or experimental 
protocols on tDCS outcome highlighted by these results may contribute to the large 
outcome variability observed across tDCS studies (Horvath et al., 2015a, Horvath 
et al., 2015b, Jacobson et al., 2012a, Krause & Cohen Kadosh, 2014, Krause et al., 
2013, López-Alonso et al., 2014, Vallar & Bolognini, 2011 and Wiethoff et al., 2014). 
Conversely, research aimed at mapping the factors that influence tDCS outcome 
(and the relationships between them) across brain regions and cognitive domains 
may lead to the improvement of tDCS efficacy and specificity for both research and 
clinical purposes. 
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The finding that tDCS outcome depends on discrimination sensitivity further 
highlights state/trait dependency of NIBS (e.g., in TMS (Siebner et al., 2009)). Within 
this framework, it has been proposed that the relative balance between task-relevant 
and task-irrelevant neurons at baseline (e.g., Silvanto et al., 2007 and Silvanto et al., 
2008), or the related concept of signal and noise (e.g., Miniussi et al., 2010; Miniussi 
et al., 2013 and Ruzzoli et al., 2010), is a determining factor of NIBS outcome. Note 
that the concept of the relative activity profile of subpopulations of neurons 
influencing NIBS outcome is primarily based on studies using TMS (Abrahamyan 
et al., 2011; Cattaneo et al., 2008; Cattaneo et al., 2010; Schwarzkopf et al., 
2011; Silvanto et al., 2007 and Silvanto et al., 2008; see Miniussi et al., 2013), but is 
herein suggested to apply also to tDCS. The slope of the PF was employed here as 
a measure of the degree of intrinsic uncertainty (Gold & Ding, 2013; Kontsevich & 
Tyler, 1999; Pelli, 1985; Pelli, 1987 and Tyler & Chen, 2000), which in turn has been 
related to the degree of pooling of task-relevant neurons during perceptual decisions 
(Gold et al., 2010). By extension, the data suggest that the level of intrinsic 
uncertainty/task relevant neuronal pooling modulates tDCS outcome. On a 
cautionary note, the measures by which participants were split into subgroups were 
behavioural. Hence I have not measured from task-relevant neurons (“signal”) or 
task-irrelevant neurons (“noise”) directly and can only speculate as to the 
mechanisms through which tDCS may interact with baseline signal-to-noise ratio.  In 
addition, this measure is indirect and can only provide an approximate estimate of 
neurophysiological makeup. To develop a mechanistic understanding of the 
relationship between tDCS and behavioural outcome, biophysical models tested 
through appropriate physiological and behavioural measures should be implemented 
(de Berker et al., 2013 and Bestmann et al., 2015, also see the general discussion 
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for an expansion of this point with regard to visuospatial attention). Regardless of the 
mechanism underlying tDCS trait/state dependency as observed in the current study, 
the results suggest that current theories of state-dependency of NIBS can be 
extended to tDCS and that tDCS specificity and efficacy may be improved by 
selecting dose as a function of a person's task performance 
level/endogenous signal-to-noise ratio. 
 
Non-linear interaction between baseline performance groups and tDCS current 
strength: potential explanations 
The polarity specific effects were modulated by a complex interaction between tDCS-
intensity and baseline task ability. I characterize the nature of this interaction as non-
linear because one subset of participants responded to one dose whereas another 
subset responded to another dose. Accordingly, these effects are incompatible with 
floor or ceiling effects where ‟high discrimination sensitivity‟ participants simply show 
stronger effects than „low discrimination sensitivity‟ participants (or vice versa), or 
with linear dose response accounts where effects should be stronger for 2 mA-than 
1 mA-tDCS independent of group. How can the nonlinear dose-dependent effects of 
tDCS on behavioural performance then be explained? 
 
One possible nonlinear mechanism that has been associated with NIBS outcome is 
stochastic resonance (Abrahamyan et al., 2011; Miniussi et al., 2010; Miniussi et al., 
2013; Ruzzoli et al., 2010 and Schwarzkopf et al., 2011). Stochastic resonance has 
been posited in various theoretical cognitive models and has also been observed 
empirically in experimental neuroscience (Faisal et al., 2008; McDonnell & Ward, 
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2011; Moss et al., 2004 and Simonotto et al., 1997). It denotes a phenomenon in 
which the relative modulation of signal-to-noise (either by the addition of a given 
level of input noise, or by the disproportional activation of “noise” channels) can 
paradoxically improve information processing. Stochastic resonance may fit our data 
because it is inherently non-linear and predicts NIBS outcome to depend on the 
endogenous signal-to-noise ratio of the participant for a given task. Yet, whether 
stochastic resonance could explain the present non-linear effect remains elusive, 
and would require a better understanding of the degree to which tDCS can be 
considered a source of physiological noise, and a design more suited to test the 
specific predictions of the stochastic resonance model. Another mechanism 
associated with NIBS that shows non-linearity and state-dependency is homeostatic 
metaplasticity (Ridding & Ziemann, 2010; Siebner, 2010 and Siebner et al., 2004). 
However, homeostatic metaplasticity serves to maintain neuronal functions within 
predefined optimal ranges to avoid extreme dysfunctional levels of neural activity 
following prolonged periods of excitation/inhibition (Turrigiano & Nelson, 2004). 
Consequently, homeostatic metaplasticity pertains to compensatory mechanisms 
following plasticity-inducing protocols (Ziemann & Siebner, 2008) rather than the 
online effects of NIBS observed here. Hence, homeostatic metaplasticity can be 
excluded here, at least empirically, as an explanation for the observed non-linear 
effects. 
 
It should be emphasized that there are other possible non-linear mechanisms 
alongside stochastic resonance (and metaplasticity) which could underlie the 
findings. While this study contributes to support models of state-dependency of NIBS 
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as well as to characterize the nature of the interaction with other tDCS factors 
(namely intensity), it cannot resolve which mechanisms are at play. 
Potential limitations of study 
Despite there being no evidence of differences in the subjective somatosensory 
perceptions associated with stimulation between groups (as measured by a side-
effects questionnaire), stimulation of peripheral nerves in the skin underlying the 
electrodes will vary systematically with stimulation intensity and even unconscious 
differences between the 1 mA and 2 mA groups may have affected behaviour. 
However, this could not explain the observed interaction between baseline 
discrimination sensitivity and current strength. Rather, a difference between current 
strength groups only would be expected under such a scenario, regardless of 
baseline performance level. 
 
Finally, it is notable that stimulation intensity is not calibrated to individual cortical 
excitability in tDCS studies, including this study, while this is common in TMS 
studies. Therefore across participants potentially different stimulation intensities may 
be effectively delivered to the brain. Additionally, different current intensities 
potentially induce differential current distributions within the brain. Future studies 
may take into account these factors by incorporating models of current distribution 
based on individual physical differences (bone structure, tissue properties etc.) and 
the administered current density to titrate effective stimulation intensity and focality 
across participants. 
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Conclusion 
The current results show that bi-parietal left anodal/right cathodal tDCS can drive a 
rightward shift in subjective midpoint estimation during performance of the landmark 
task. However, this effect depends on the baseline task performance level of 
participants, in interaction with the administered tDCS-intensity. The opposite polarity 
(left cathodal/right anodal) resulted in no change in subjective midpoint estimation. 
The results highlight that individual differences and dose interact to influence tDCS 
outcome. I conclude that it is of importance to map and understand the factors that 
determine tDCS outcome across different cognitive domains, and the relationships 
between them, if tDCS is to be developed as a useful clinical and research tool in 
cognitive sciences. 
 
Additionally, it appears that lateralized visuospatial attention bias can only be shifted 
to the right by LA/RC tDCS (and cannot be shifted to the left using the reversed 
tDCS montage (LC/RA)), perhaps due to a rebalancing of the typical hemispheric 
asymmetry in favour of the RH during task processing. This finding accords with the 
results of experiment 2 that implicate RH activation as primarily contributing to the 
genesis of pseudoneglect, and more broadly with the „right hemispheric dominance‟ 
theory of spatial attention processing (Heilman and Van den Abell, 1980, Mesulam, 
1981). 
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General Discussion  
In the current set of experiments, it has been shown that both spatial and non-spatial 
attention measures are modulated by stimulus- and state-factors, as well as by 
neuromodulation through tDCS, during performance of the landmark task. 
 
In experiment 1 (presented in Chapter One), both decreased line length and 
increased time-on-task were found to induce a rightward shift in spatial bias. 
However, the time-on-task effect was found to be stimulus-dependent, only occurring 
with extended performance with long lines and not for short lines. Extended 
performance of the task with long lines induced a rightward shift in subjective 
midpoint in both long and short lines suggesting a partially common denominator for 
line bisection performance regardless of line length.  
 
In experiment 2 (presented in Chapter Two), EEG recording during landmark task 
performance in both long and short lines revealed the „line length effect‟ to be 
reflected in right hemisphere lateralised neural activity during an early time window 
(100-200 ms) post-stimulus onset. Hence, increased right hemisphere engagement 
at early processing stages contributes to the genesis of pseudoneglect.  
  
In experiment 3 (presented in Chapter three), an overall rightward shift in spatial 
bias was found in elderly participants relative to young, with no systematic bias in 
long lines for elderly participants versus the typical leftward bias present in young 
participants. The line length effect (rightward shift in bias with decreasing line length) 
was replicated in both young and elderly participants, with a systematic rightward 
bias being present for the shortest lines in elderly participants.  
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Finally, in experiment 4 (presented in Chapter Four) pseudoneglect was found to be 
ameliorated by the application of left anodal/right cathodal (LA/RC) tDCS during 
landmark ask performance. The opposite polarity (LC/RA) had no effect on spatial 
bias. Moreover, the degree to which LA/RC tDCS was effective in shifting spatial 
bias rightward was found to be modulated by an interaction between baseline 
discrimination sensitivity and the administered current strength, suggesting that 
complex interactions between individual differences and stimulation parameters 
influence tDCS outcome and must be harnessed in order to improve tDCS efficacy.    
 
In terms of lateralized spatial bias, Figure 18 summarises the effects on subjective 
midpoint of the various modulators of bias investigated throughout the four 
experiments. As suggested in the introduction, any accurate model of the 
visuospatial attention system must account not only for the commonly observed 
pseudoneglect phenomenon, but also for inter- and intra-individual variations in the 
magnitude and direction of bias such as those reported here. In the final section, I 
wish to summarise how the data from the current set of experiments informs 
previous theories and also to identify pertinent open questions and potentially 
productive methods for approaching them.  
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Figure 18. A schematic of pseudoneglect modulators. The solid vertical black line represents veridical centre relative to the 
„observer‟ (head facing upwards). Dots represent group-level subjective midpoints in various „states‟ based on the data from the 
current set of experiments employing the landmark task (LM). Conditions represented by each colour/fill are indexed at the 
bottom of the figure. The horizontal lines represent long (black) and short (grey) lines for both elderly participants (top) and 
young participants (bottom) respectively. Dashed lines connecting „midpoint‟ dots represent the rightward shifts in spatial bias 
induced by the different modulators of bias (age, time-on-task (T-O-T) and left anodal/right cathodal tDCS labelled accordingly) 
investigated in the current experiments. 
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Neuroimaging and pseudoneglect modulators 
The stimulus modulation (line length) investigated in three of the four experiments 
here shows a robust group-level effect on line bisection performance, in line with 
previous findings (McCourt & Jewell, 1999; Hurwitz et al., 2011; Thomas et al., 2012;  
Rueckert et al., 2002; Heber et al., 2010). Specifically, a rightward shift in subjective 
midpoint is observed with decreasing line length. A novel finding here is that state-
modulations which also result in a group-level rightward shift of the subjective 
midpoint, both through extended time-on-task (experiment 1; Manly et al., 2005; 
Dufour et al., 2007) and healthy aging (experiment 3, Schmitz & Peigneux, 2011), 
interact with line length in an additive manner (see Fig. 18). Such modulators of bias 
(and the relationships between them) offer clues as to the functional architecture of 
the visuospatial attention system and the neural networks subserving spatial biases 
in healthy and clinical populations. As mentioned in the introduction, they provide a 
particularly powerful avenue of research in combination with neuroimaging measures 
in terms of identifying that neural activity which is necessary and sufficient for the 
genesis of spatial bias without having to rely on comparison of task related activity 
with that of a not necessarily appropriate „control‟ condition.  
 
In experiment 2, the behavioural „line length effect‟ on subjective midpoint was 
found to be reflected in stimulus-evoked neural activity (as measured by EEG) 
source-localised to regions in and around the right temporoparietal junction (TPJ) at 
approximately 100 – 200 ms post-stimulus onset. The timing of the effect is in line 
with chronometric studies investigating single-pulse PPC TMS induced shifts in 
spatial bias (Fierro et al., 2001; Dambeck et al., 2006). A potentially informative next 
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step would be to investigate the neural correlates of the other established 
modulators of spatial bias (such as age, time-on-task, tDCS, TMS etc.) and hence to 
discover whether the same neural networks are at play or whether distinct 
spatiotemporal contributors to the bias exist. For instance, a recent study by Longo 
et al. (2015) investigated the influence of viewing distance on the „line bisection 
effect‟ identified initially by Foxe et al., (2003) and replicated here in experiment 2. 
Previous studies have found a rightward shift in spatial bias when viewing distance 
shifted from peri- to extra-personal space (McCourt & Garlinghouse, 2000, Varnava 
et al., 2002, Bjoertomt et al., 2002, Longo & Lourenco, 2006, Gamberini et al., 2008, 
Mahayana et al., 2014, Longo et al., 2015)). The right-parietal negativity associated 
with line bisection performance relative to a non-spatial control task (the „line 
bisection effect‟ (Foxe et al., 2013, experiment 2) was found to scale with viewing 
distance, being largest in near space and reduced in far space (range: 30, 60, 90, 
120 cm). The effect of viewing distance occurs relatively late in task processing (240-
400 ms) and so there is tentative converging evidence that the effects of viewing 
distance (Longo et al., 2015) and line length (experiment 2) on bisection 
performance arise from neural substrates that are at least temporally dissociated. 
This line of research offers much promise in terms of mapping the spatiotemporal 
architecture of the visuospatial attention system. Further neuroimaging studies may 
incorporate different modulators of bias within the same experimental design in order 
to directly assess the level of independence/relatedness between the variables 
modulating line bisection performance and their neural substrates. Additionally, by 
developing biologically plausible formal models based on previous studies of 
visuospatial bias and its modulators, more intelligent experimental paradigms may 
be developed in order to help bridge the gap between neuro-imaging measurements 
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and behavioural data. This point is expanded on in the final section. First, I wish to 
discuss the contribution of the current set of experiments to theories regarding 
hemispheric contributions to lateralised visuospatial bias. 
 
Right hemisphere role in the genesis of pseudoneglect 
The combined data from the current set of experiments broadly supports models that 
highlight the dominant role of the RH in the functional architecture of the visuospatial 
attention system and the genesis of pseudoneglect (Heilman & Van den Abell, 1980; 
Heilman et al., 1987; Mesulam, 1981; Dietz et al., 2014; Corbetta & Shulman, 2002; 
2011). The line length effect (amelioration of pseudoneglect with decreasing line 
length) appears to depend on the level to which the right hemisphere IPC/TPJ is 
differentially engaged by long and short lines. A parsimonious explanation for the 
amelioration of pseudoneglect by time-on-task in long lines (experiment 1; Manly et 
al., 2005; Dufour et al., 2007), healthy aging (experiment 3; Schmitz & Peigneux, 
2011) and bi-parietal tDCS (experiment 4; Giglia et al., 2011) would be that these 
modulators also downregulate RH contribution to task processing.  
 
With regards to time-on-task, the interaction between RH ventral and dorsal fronto-
parietal networks has been postulated to underlie the relationship between arousal 
level and spatial attention (Corbetta & Shulman, 2011; Newman et al., 2013). In line 
with the results of experiments 1 and 2, prolonged bisection performance with long 
lines may deplete resources in the RH ventral fronto-parietal network which in turn 
would reduce overall RH contribution to task processing and drive a rightward shift in 
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spatial attention. RH downregulation also provides a potential explanation for the 
observed rightward shift in spatial attention with healthy aging (experiment 3), 
whether through hemispheric asymmetry reduction (Cabeza, 2002; Reuter-Lorenz & 
Cappell, 2008; Li et al., 2009), accelerated RH aging (Brown & Jaffe, 1975; 
Goldstein & Shelly, 1981; Nagamatsu et al., 2011) or chronically reduced arousal 
(Robinson & Kertzman, 1990; Goedert et al., 2010; Buysse et al., 2005; Nebes et al., 
2009). 
 
Experiment 4 provides interesting additional evidence regarding the critical role 
played by downregulation of RH activity in amelioration of bisection bias through the 
application of tDCS. In line with a previous study by Giglia et al., (2011), left anodal 
(LA)/ right cathodal (RC) bi-parietal tDCS induced a rightward shift in subjective 
midpoint. Giglia et al., (2011) employed a unilateral right cathodal stimulation 
condition which also induced a rightward shift in subjective midpoint, though the 
effect was stronger for bilateral stimulation. Cathodal stimulation is typically thought 
to reduce neuronal excitability beneath the electrode, with the opposite being the 
case for anodal stimulation (Nitsche & Paulus, 2000). Interestingly, the reverse 
polarity (LC/RA) introduced in experiment 4 did not modulate spatial bias as would 
be expected under the ICT (Kinsbourne, 1970; 1977; Reuter-Lorenz et al., 1990; 
Bultitude & Aimola-Davies, 2006; Szczepanski & Kastner, 2013) and the „hybrid‟ 
model (Duecker & Sack, 2015). An additional study that is relevant to this point is 
that of Wright & Krekelberg (2014) in which the effects of bi-parietal tDCS on a 
centroid extraction task in healthy participants were investigated. A rightward visual 
mis-localization was found to be induced by LA/RC relative to LC/RA stimulation. 
The authors interpret the results to be partially in line with the ICT however they 
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acknowledge that certain predictions of the ICT were not met in their data. Namely, 
though mis-localizations induced by LA/RC stimulation were consistently shifted to 
the right of mis-localizations induced by LC/RA stimulation, the sign of the shifts 
(negative vs. positive) relative to sham for each stimulation condition tended to be 
the same within participants. Under the ICT, opposite polarities (LA/RC vs. LC/RA) 
should induce opposite directional shifts relative to sham.  
 
It should be noted that previous TMS and tDCS studies in healthy participants and 
neglect patients have induced changes in lateralised visuospatial perception 
consistent with the „bi-directional shift‟ prediction of the ICT (Pascual-Leone et al., 
1994; Hilgetag et al., 2001; Kim et al., 2005; Koch et al., 2005; Thut et al., 2005; 
Dambeck et al., 2006; Sparing et al., 2009; Cazzoli et al., 2009; Sczepanski & 
Kastner, 2013) and the predictions of the ICT have also been met in various other 
neuroimaging studies in both healthy participants and neglect patients (Corbetta et 
al., 2005; Thut et al., 2006; Sylvester et al., 2007; Romei et al., 2010). However, in 
other studies only TMS applied to the RH PPC (and not the LH PPC) modulated 
visuospatial bias (Fierro et al., 2000; Brighina et al., 2002; Müri et al., 2002; 
Muggleton et al., 2006). Moreover, recent TMS-EEG (Bagattini et al., 2015) and 
TMS-fMRI (Ricci et al., 2012) studies cast doubt on the role of interhemispheric 
imbalance as an explanation for „neglect-like‟ behaviour in healthy participants after 
unilateral RH PPC inhibitory-TMS. In both of these studies, strong evidence is 
provided for bilateral cortical hypo-activation after unilateral RH PPC inhibitory-TMS 
stimulation rather than the LH hyper-activation that would be expected under the ICT 
and the „hybrid‟ model. Additionally, Umarova et al., (2011) have recently shown that 
left-right parietal imbalance (i.e. relative increase in LH activation) in acute RH stroke 
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patients is not predictive of visuospatial deficits, being present in control participants, 
patients without neglect and patients with neglect. The authors propose that 
dysfunction of the right parietal and lateral occipital cortex, and not relative 
hyperactivation of the LH parietal cortex (as suggested by Corbetta et al., (2005)), 
are characteristic of neglect in acute RH stroke patients.  
 
Hence, overall the evidence for a causal role of inter-hemispheric rivalry in the 
genesis of lateralised spatial bias is mixed. One intriguing and relatively unexplored 
possibility is that inter-hemispheric competition predominantly influences spatial bias 
only under certain conditions and hence the predictions of the ICT may be met for 
certain tasks/circumstances and not for others. For instance, perhaps maladaptive 
cortical re-organization post-stroke may modulate inter-hemispheric imbalance and 
hence neglect symptoms, in line with the ICT, as shown by Corbetta et al., (2005). 
Thus, this relationship between inter-hemispheric imbalance and lateralised spatial 
bias would not necessarily be found in acute stroke patients (Umarova et al., 2011) 
or in healthy participants after modulation of parietal cortex activity through for 
instance time-on-task (Manly et al., 2005; Dufour et al., 2007; experiment 1), 
healthy aging (Schmitz & Peigneux, 2011; experiment 3) or the application of brain 
stimulation (Bagattini et al., 2015; Ricci et al., 2012; experiment 4). Additionally, 
interhemispheric rivalry may influence behaviour on some tasks (i.e. extinction tasks 
(Pascual-Leone et al., 1994; Hilgetag et al., 2001; Koch et al., 2005; Bien et al., 
2012) and lateralised dot detection (Thut et al., 2005; Thut et al., 2006; Sparing et 
al., 2009)) more strongly than on others (i.e. variants of line bisection (Fierro et al., 
2000; Brighina et al., 2002; current experiments)). Another possibility is that the 
predictions of the ICT may be met during certain cognitive states such as under high 
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cognitive load (see Sheramata et al., 2010). In the current set of experiments, shifts 
to systematic rightward biases (as would be predicted under the ICT) were observed 
after time-on-task in healthy participants (experiment 1) and at baseline in elderly 
participants (experiment 3) but only in short lines. In long lines, all modulations of 
subjective midpoint investigated throughout the current experiments (time-on-task, 
line length, healthy aging and tDCS) resulted only in a reduction or amelioration of 
bias, not a cross-over to a systematic rightward bias. The systematic rightward 
biases observed in short lines post time-on-task and in the elderly at baseline were 
unexpected and are difficult to interpret in terms of inter-hemispheric competition, as 
the short line (subtending < 2º of visual angle horizontally and presented at the 
midline) condition is the one in which processing of lateral visual field portions (and 
hence presumably distinct contributions from each hemisphere to visual processing) 
is minimised. Such unexpected observations may help to inform more refined 
models of pseudoneglect and visuospatial attention functions. 
 
Modelling pseudoneglect and visuospatial attention networks 
It appears that some of the empirical data is not straightforward to interpret in line 
with current theories of visuospatial attention network organisation, with evidence in 
favour of the ICT and RHDT theories respectively (as well as the „hybrid‟ model) 
being mixed. Additionally, current theories often share predictions and hence 
experimental outcomes can be ambiguous with regards to providing support for one 
theory over another. Refinement of the current models can provide new and more 
specific testable hypotheses for further research. However, functional-anatomical 
models alone may not be optimal in terms of adequately capturing all of the cognitive 
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processes underlying visuospatial attention. Formal mathematical models of 
visuospatial attention function can help to bridge the gap between functional-
anatomical models, neuroimaging measurements and behavioural data (Forstmann 
& Wagenmakers, 2015). Apparently contradictory and/or unexpected empirical data 
may arise due to interactions of latent cognitive processes in a non-unitary system 
that may not be captured by purely descriptive or functional-anatomical models. 
Hypotheses regarding the different cognitive processes that contribute to a given 
visuospatial task can be formalised in model form and then simulations and suitable 
experimental manipulations can be employed to test the predictions of the model 
(see Anderson, 1996; Mozer et al., 1997; Pouget & Sejnowski, 2001; Monaghan & 
Shillcock, 1998; 2004; Brandt et al., 2012; Leigh et al., 2015 for tentative examples).  
 
For example, Anderson (1996) proposed a mathematical model of line bisection 
behaviour in spatial neglect in which the perceived midpoint of a line represents the 
point at which the salience of the right and left end of the line appears to be equal. 
The salience of any point of the line is determined by the combined contribution of 
two separate attentional processors: one in the right hemisphere and one in the left 
hemisphere. The contribution of each processor is represented by a saliency „curve‟ 
mapped along the horizontal spatial dimension and the combined area under the 
curve of the two processors determines the salience at any given point. Crucially, 
saliency across the horizontal dimension is calculated as a function of several 
biologically plausible latent variables: the contra-lateral points at which saliency 
„peaks‟ for the LH and RH processors, the „width‟ of the saliency curve for each 
processor and the „height‟ of the saliency curve for each processor. Such nuanced 
latent variables are not necessarily captured by purely functional-anatomical models 
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and it is possible that different modulators of perception (such as brain injury, healthy 
aging, brain stimulation, state factors or other experimental manipulations) may 
influence distinct latent contributors to visuospatial attention function.  After 
„lesioning‟ the contribution of the RH processor to the model output (by reducing the 
„height‟ and „width‟ of the RH saliency curve but keeping the saliency „peak‟ locations 
constant for each hemisphere), Anderson‟s (1996) model successfully captures 
some of the apparently paradoxical behaviours exhibited by neglect patients during 
line bisection performance (such as right-to-left cross-over of spatial bias from long 
to short lines (Halligan & Marshall, 1988; Marshall & Halligan, 1989; Harvey et al., 
1995; Anderson, 1996; 1997; Monaghan & Shillcock, 1998; 2004; Ricci & Chatterjee, 
2001; Mennemeier et al., 2005; Veronelli et al., 2014) which appeared hard to 
explain under any of prevailing theories of spatial neglect at the time of publication of 
the model). Such an approach may also provide explanatory potential for other 
unexpected findings, such as the systematic rightward bias in short lines observed 
post time-on-task and at baseline in the elderly in the current set of experiments. 
 
Whilst it is outside of the scope of the current set of experiments to formally evaluate 
competing models of line bisection behaviour in normal participants, this may prove 
to be an informative future direction. One could assess (through simulations) 
whether alterations in the parameters chosen for a given set of latent variables can 
approximately match the observed line bisection data in healthy participants and 
whether manipulation of each variable, either alone or in interaction, can 
approximate observed changes induced by established modulators of behaviour. 
Thus, formal models based on previously observed data would allow for the 
development of very specific testable hypotheses and in turn iterative refinement of 
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the models based on new data. Such a process would allow for the identification of 
distinct cognitive contributors to visuospatial attention function which could then be 
investigated through means of neuro-imaging measurements combined with suitable 
experimental designs.  
 
References 
Abrahamyan, A., Clifford, C. W., Arabzadeh, E., & Harris, J. A. (2011). Improving 
visual sensitivity with subthreshold transcranial magnetic stimulation. The Journal of 
Neuroscience, 31(9), 3290-3294. 
 
Aihara, T., Kitajo, K., Nozaki, D., & Yamamoto, Y. (2008). Internal noise determines 
stochastic resonance in visual perception. Vision Research, 48(14), 1569-1573. 
 
Aihara, T., Kitajo, K., Nozaki, D., & Yamamoto, Y. (2010). How does stochastic 
resonance work within the human brain? Psychophysics of internal and external 
noise. Chemical Physics, 375(2-3), 616-624. 
 
Allison, T., Puce, A., Spencer, D., & McCarthy, G. (1999). Electrophysiological 
studies of human face perception. I. Potentials generated in occipitotemporal cortex 
by face and non-face stimuli. Cerebal Cortex, 9, 415–430 
 
Anderson B. (1996) A mathematical model of line bisection behaviour in neglect. 
Brain, 119, 841-850. 
152 
 
 
Angel, L., Fay, S., Bouazzaoui, B., & Isingrini, M. (2011). Two hemispheres for better 
memory in old age: Role of executive functioning. Journal of Cognitive 
Neuroscience. 23, 3767-3777.  
 
Anderson, B. (1997). Pieces of the true crossover effect in neglect. Neurology, 49, 
809-812.  
 
Antal, A., Terney, D., Poreisz, C., & Paulus, W. (2007). Towards unravelling task-
related modulations of neuroplastic changes induced in the human motor cortex. 
European Journal of Neuroscience, 26(9), 2687–91. 
 
Bäckman, L., Almkvist, O., Andersson, J., Nordberg, A., Winblad, B., Reineck, R., & 
Långström, B. (1997). Brain activation in young and older adults during implicit and 
explicit retrieval. Journal of Cognitive Neuroscience, 9, 378-391.  
 
Bagattini, C., Mele, S., Brignani, D., & Savazzi, S. (2015). No causal effect of left 
hemisphere hyperactivity in the genesis of neglect-like behaviour. Neuropsychologia, 
72, 12-21. 
 
Ball, K., Lane, A. R., Smith, D. T., & Ellison, A. (2013). Site-Dependent Effects of 
tDCS Uncover Dissociations in the Communication Network Underlying the 
Processing of Visual Search. Brain Stimulation, 6(6), 959-965. 
 
153 
 
Barrett, A. M., & Craver-Lemley, C.E. (2008). Is it what you see, or how you say it? 
Spatial bias in young and aged subjects. Journal of the International 
Neuropsychological Society, 14, 562-570.  
 
Barrett, A. M., Crosson, J. B., Crucian, G. P., & Heilman, K. M. (2000). Horizontal 
line bisections in upper and lower body space. Journal of the International 
Neuropsychological Society, 6(4), 455-459. 
 
Batsikadze, G., Moliadze, V., Paulus, W., Kuo, M-F., & Nitsche, M. A. (2013). 
Partially non-linear stimulation intensity-dependent effects of direct current 
stimulation on motor cortex excitability in humans. Journal of Physiology, 591(Pt 7), 
1987–2000. 
 
Baylis, G. C., Driver, J., & Rafal, R. D. (1993) Visual extinction and stimulus 
repetition. Journal of Cognitive Neuroscience, 5, 453–466. 
 
Bellgrove, M. A., Chambers, C. D., Johnson, K. A., Daibhis, A., Daly, M., Hawi, Z., & 
Robertson, I. H. (2007). Dopaminergic genotype biases spatial attention in healthy 
children. Molecular Psychiatry, 12(8), 786-792.  
 
Bellgrove, M. A., Dockree, P. M., Aimola, L., & Robertson, I, H. (2004). Attenuation 
of spatial attentional asymmetries with poor sustained attention. Neuroreport, 15, 
1065–1069. 
 
154 
 
Benedetto, S., Pedrotti, M., Bremond, R., & Baccino, T. (2013). Leftward attentional 
bias in a simulated driving task. Transportation Research Part F: Traffic psychology 
and Behaviour, 20, 147-153. 
 
Benwell, C. S. Y., Learmonth, G., Thut, G., & Harvey, M. (2013b). Spatial attention: 
differential shifts in pseudoneglect direction with time-on-task and initial bias support 
the idea of observer subtypes. Neuropsychologia, 51(13), 2747-2756. 
 
Berryhill, M. E., & Jones, K. T. (2012). tDCS selectively improves working memory in 
older adults with more education. Neuroscience Letters, 521(2), 148–51. 
 
Beste, C., Hamm, J.P., & Hausmann, M. (2006). Developmental changes in visual 
line bisection in women throughout adulthood. Developmental Neuropsychology, 30, 
753-767.  
 
Bestmann, S., de Berker, A. O., & Bonaiuto, J. (2015). Understanding the 
behavioural consequences of noninvasive brain stimulation. Trends in Cognitive 
Sciences, 19(1):13-20.  
 
Bien, N., Goebel, R., & Sack, A. T. (2012). Extinguishing extinction: hemispheric 
differences in the modulation of TMS-induced visual extinction by directing covert 
spatial attention. Journal of Cognitive Neuroscience, 24(4), 809-818. 
 
155 
 
Bienenstock, E. L., Cooper, L. N., & Munro, P. W. (1982). Theory for the 
development of neuron selectivity: orientation specificity and binocular interaction in 
visual cortex. The Journal of Neuroscience, 2(1), 32–48. 
 
Billingsley, R. L., Simos, P. G., Sarkari, S., Fletcher, J. M., & Papanicolaou, A. C. 
(2004). Spatio-temporal brain activation profiles associated with line bisection 
judgments and double simultaneous visual extinction. Behavioural Brain Research, 
152(1), 97-107. 
 
Bindman, L. J., Lippold, O. C., & Redfearn, J. W. (1964). The Action of Brief 
Polarizing Currents on the Cerebral Cortex of the Rat (1) During Current Flow and 
(2) in the Production of Long-Lasting after-Effects. Journal of Physiology, 172(3), 
369–382. 
 
Binetti, N., Aiello, M., Merola, S., Bruschini, M., Lecce, F., Macci, E., & Doricchi, F. 
(2011). Positive correlation in the bisection of long and short horizontal Oppel-Kundt 
illusory gradients: Implications for the interpretation of the “cross-over” effect in 
spatial neglect. Cortex, 47(5), 608-616. 
 
Bisiach, E., Neppi-Modona, M., Genero, R., & Pepi R. (1999). Anisometry of space 
representation in unilateral neglect: empirical test of a former hypothesis. 
Consciousness and Cognition, 8(4), 577-584. 
 
Bisiach, E., Ricci, R., Lualdi, M., & Colombo, M.R. (1998). Perceptual and response 
bias in unilateral neglect: two modified versions of the Milner landmark task. Brain 
156 
 
and Cognition, 37, 369-386.  
 
Bisiach, E., Ricci, R., & Modona, M. N. (1998). Visual awareness and anisometry of 
space representation in unilateral neglect: a panoramic investigation by means of a 
line extension task. Consciousness and Cognition, 7, 327-355. 
 
Bjoertomt, O., Cowey, A., & Walsh, V. (2002). Spatial neglect in near and far space 
investigated by repetitive transcranial magnetic stimulation. Brain, 125, 2012-2022. 
 
Blankenburg, F., Ruff, C. C., Bestmann, S., Bjoertomt, O., Josephs, O., Deichmann, 
R., & Driver, J. (2010).Studying the role of human parietal cortex in visuospatial 
attention with concurrent TMS-fMRI. Cerebral Cortex, 20(11), 2702-2711. 
 
Bolognini, N., Olgiati, E., Rossetti, A., & Maravita, A. (2010a). Enhancing 
multisensory spatial orienting by brain polarization of the parietal cortex. European 
Journal of Neuroscience, 31(10), 1800–6. 
 
Bolognini, N., Fregni, F., Casati, C., Olgiati, E., & Vallar, G. (2010b). Brain 
polarization of parietal cortex augments training-induced improvement of visual 
exploratory and attentional skills. Brain Research, 1349, 76–89. 
 
Bonato. M., Priftis, K., Marenzi, R., Umilta, C., & Zorzi, M. (2010). Increased 
attentional demands impair contralesional space awareness following stroke. 
Neuropsychologia, 48, 3934-3940. 
 
157 
 
Bourne, V. J. (2008). Chimeric faces, visual field bias, and reaction time bias: Have 
we been missing a trick? Laterality: Asymmetries of Body, Brain and Cognition, 
13(1), 92-103. 
 
Bowers, D. & Heilman, K. M. (1980). Pseudoneglect: effects of hemispace on a 
tactile line bisection task. Neuropsychologia, 18, 491–498. 
 
Bradshaw, J. L., Nathan, G., Nettleton, N. C., Wilson, L., & Pierson, J. (1987). Why is 
there a left side underestimation in rod bisection? Neuropsychologia, 25, 735-738. 
 
Bradshaw, J. L., Nettleton, N. C., Nathan, G., & Wilson, L. (1985). Bisecting rods and 
lines: effects of horizontal and vertical posture on left-side underestimation by normal 
subjects. Neuropsychologia, 23(3), 421-425.  
 
Brandt, T., Dieterich, M., Strupp, M., & Glasauer, S.  (2012). Model approach to 
neurological variants of visuo-spatial neglect. Biological Cybernetics, 106(11), 681-
690. 
 
Brighina F., Bisiach E., Piazza A., Oliveri M., La Bua V., Daniele O., & Fierro, B. 
(2002). Perceptual and response bias in visuospatial neglect due to frontal and 
parietal repetitive transcranial magnetic stimulation in normal subjects. 
Neuroreport, 13, 2571–2575. 
 
158 
 
Brodie, E. E., & Pettigrew, L. E. (1996). Is left always right? Directional deviations in 
visual line bisection as a function of hand and initial scanning direction. 
Neuropsychologia, 34(5), 467-470. 
 
Brooks, J. L., Della Sala, S., & Darling, S. (2014). Representational pseudoneglect: 
A review. Neuropsychology Review, 24(2), 148-165.  
  
Brown, J. W., & Jaffe, J. (1975). Hypothesis on cerebral dominance. 
Neuropsychologia, 13, 107-110.  
 
Brugger, P., & Graves, R. E. (1997). Right hemispatial inattention and magical 
ideation. European Archives of Psychiatry and Clinical Neuroscience, 247(1), 55-57.  
 
Brunet, D., Murray, M. M., & Michel, C. M. (2011). Spatiotemporal analysis of 
multichannel EEG: CARTOOL. Computational Intelligence and Neuroscience, Article 
ID 813870. 
 
Brunoni, A. R., Nitsche, M. A., Bolognini, N., Bikson, M., Wagner, T., Merabet, L., 
Edwards, D. J., Valero-Cabre, A., Rotenberg, A., Pascual-Leone, A., Ferrucci, R., 
Priori, A., Boggio, P. S., & Fregni, F. (2012). Clinical research with transcranial direct 
current stimulation (tDCS): challenges and future directions. Brain Stimulation, 5(3), 
175–95. 
 
159 
 
Bullmore, E. T., Suckling, J., Overmeyer, S., Rabe-Hesketh, S., Taylor, E., & 
Brammer, M. J. (1999). Global, voxel, and cluster tests, by theory and permutation, 
for a difference between two groups of structural MR images of the brain. IEEE 
Transactions on Medical Imaging. 18, 32–42. 
 
Bultitude, J. & Aimola-Davies, A. M. (2006). Putting attention on the line: 
Investigating the activation–orientation hypothesis of pseudoneglect. 
Neuropsychologia, 44, 1849-1858. 
 
Butler, S., Gilchrist, I. D., Burt, D. M., Perrett, D. I., Jones, E., & Harvey, M. (2005). 
Are the perceptual biases found in chimeric face processing reflected in eye-
movement patterns? Neuropsychologia, 43, 52-59. 
 
Butler, S. H., & Harvey, M. (2006). Perceptual biases in chimeric face processing: 
Eye-movement patterns cannot explain it all. Brain Research, 1124(1), 96-99. 
 
Butler, S. H., & Harvey, M. (2008). Effects of aging and exposure duration on 
perceptual biases in chimeric face processing. Cortex, 44(6), 665-672. 
 
Buysse, D. J., Monk, T. H., Carrier, J., & Begley, A. (2005). Circadian patterns of 
sleep, sleepiness, and performance in older and younger adults. Sleep, 28, 1365-
1376.  
 
160 
 
Cabeza, R. (2002). Hemispheric asymmetry reduction in older adults: the HAROLD 
model. Psychology and Aging, 17, 85-100.  
 
Cabeza, R., Daselaar, S. M., Dolcos, F., Prince, S. E., Budde, M., & Nyberg, L. 
(2004). Task-independent and task-specific age effects on brain activity during 
working memory, visual attention and episodic retrieval. Cerebral Cortex, 14, 364-
375.  
 
Cai, Q., Van der Haegen, L., & Brysbaert, M. (2013). Complementary hemispheric 
specialization for language production and visuospatial attention. Proceedings of the 
National Academy of Sciences, 110, 322-330. 
 
Carlstedt, R. A. (2004). Line-bisecting performance in highly skilled athletes: Does 
preponderance of rightward error reflect unique cortical organization and 
functioning? Brain and Cognition, 54(1), 52-57. 
 
Cattaneo, L., Sandrini, M., & Schwarzbach, J. (2010). State-dependent TMS reveals 
a hierarchical representation of observed acts in the temporal, parietal, and premotor 
cortices. Cerebral Cortex, 20(9), 2252–8. 
 
Cattaneo, Z., Lega, C., Boehringer, J., Gallucci, M., Girelli, L., & Carbon, C. C. 
(2014). Happiness takes you right: the effect of emotional stimuli on line bisection. 
Cognition and Emotion, 28(2), 325-344. 
 
161 
 
Cattaneo, Z., Rota, F., Vecchi, T., & Silvanto, J. (2008). Using state-dependency of 
transcranial magnetic stimulation (TMS) to investigate letter selectivity in the left 
posterior parietal cortex: a comparison of TMS-priming and TMS-adaptation 
paradigms. European Journal of Neuroscience, 28(9), 1924–9. 
 
Cavezian, C., Valadao, D., Hurwitz, M., Saoud, M., & Danckert, J. (2012). Finding 
centre: ocular and fMRI investigations of bisection and landmark task performance. 
Brain Research, 1437, 89-103. 
 
Cazzoli, D., Wurtz, P., Müri, R. M., Hess, C. W., & Nyfeller, T. (2009). 
Interhemispheric balance of overt attention: a theta burst stimulation study. 
European Journal of Neuroscience, 29(6), 1271-1276.  
 
Charles, J., Sahraie, A., & McGeorge, P. (2007). Hemispatial asymmetries in 
judgment of stimulus size. Perception & Psychophysics, 69(5), 687-698. 
 
Charras, P., Lupianez,  J., & Bartolomeo, P. (2010) Assessing the Weights of Visual 
Neglect: A new approach to dissociate defective symptoms from productive 
phenomena in length estimation. Neuropsychologia, 48, 3371 – 3375. 
 
Chen, P., Goedert, K. M., Murray, E., Kelly, K., Ahmeti, S., & Barrett, A. M. (2011). 
Spatial bias and right hemisphere function: Sex-specific changes with aging. Journal 
of the International Neuropsychological Society, 17, 455-462.  
 
162 
 
Chiandetti, C. (2011). Pseudoneglect and embryonic light stimulation in the avian 
brain. Behavioural Neuroscience, 125(5), 775-782. 
 
Chica, A. B., Thiebaut de Schotten,  M., Toba, M., Malhotra, P., Lupianez, J., & 
Bartolomeo, P. (2012). Attention networks and their interactions after right-
hemisphere damage. Cortex, 48(6), 654-663. 
 
Chieffi, S., Iachini, T., Iavarone, A., Messina, G., Viggiano, A., & Monda, M. (2014). 
Flanker interference effects in a line bisection task. Experimental Brain Research, 
232, 1327-1334. 
 
Chokron, S., Bartolomeo, P., Perenin, M.–T., Helft, G., & Imbert, M. (1998). 
Scanning direction and line bisection: a study of normal subjects and unilateral 
neglect patients with opposite reading habits. Cognitive Brain Research, 7(2), 173-
178. 
 
Chokron, S., Helft, G., & Perez, C. (2013). Effects of age and cardiovascular disease 
on selective attention. Cardiovascular Psychiatry and Neurology. Article ID: 185385.  
 
Chokron, S., & Imbert, M. (1993). Influence of reading habits on line bisection. 
Cognitive Brain Research, 1(4), 219-222. 
 
Çiçek, M., Deouell, L.Y., & Knight, R. T. (2009). Brain activity during landmark and 
line bisection tasks. Frontiers in Human Neuroscience  3, 1–8.  
163 
 
 
Collins, K., & Mohr, C. (2013). Performance of younger and older adults in lateralised 
right and left hemisphere asymmetry tasks supports the HAROLD model. Laterality: 
Asymmetries of Body, Brain and Cognition, 18, 491-512.  
 
Corballis, M. C. (1989). Laterality and human evolution. Psychological Review, 96(3), 
492-505. 
 
Corbetta, M., Kincade, M. J., Lewis, C., Snyder, A. Z., & Sapir, A. (2005). Neural 
basis and recovery of spatial attention deficits in spatial neglect. Nature 
Neuroscience, 8(11), 1603–1610. 
 
Corbetta, M., Patel, G., & Shulman, G. L. (2008). The reorienting system of the 
human brain: From environment to theory of mind. Neuron. 58, 306-324. 
 
Corbetta, M., & Shulman, G. L. (2002). Control of goal-directed and stimulus-driven 
attention in the brain. Nature Reviews Neuroscience, 3, 201–215. 
 
Corbetta, M., & Shulman, G.L. (2011). Spatial neglect and attention networks. 
Annual Review of Neuroscience, 34, 569–599. 
 
Creutzfeldt, O. D., Fromm, G. H., & Kapp, H. (1962). Influence of transcortical d-c 
currents on cortical neuronal activity. Experimental Neurology, 5(6), 436–452. 
164 
 
 
Dambeck, N., Sparing, R., Meister, I. G., Wienemann, M., Weidemann, J., Topper, 
R., & Boroojerdi, B. (2006). Interhemispheric imbalance during visuospatial attention 
investigated by unilateral and bilateral TMS over human parietal cortices. Brain 
Research, 1072, 194-199. 
 
de Berker, A.O., Bikson, M., & Bestmann, S. (2013). Predicting the behavioural 
impact of transcranial direct current stimulation: issues and limitations. Frontiers in 
Human Neuroscience, 7:613. 
 
Degutis, J. M., & Van Vleet, T. M. (2010). Tonic and phasic alertness training: a 
novel behavioral therapy to improve spatial and non-spatial attention in patients with 
hemispatial neglect. Frontiers in Human Neuroscience, 4:60. 
 
Dellatolas, G., Vanluchene, J., & Coutin, T. (1996). Visual and motor components in 
simple line bisection: an investigation in normal adults. Cognitive Brain Research, 
4(1), 49-56. 
 
Delorme, A., & Makeig, S. (2004). EEGLAB: an open source toolbox for analysis of 
single-trial EEG dynamics including independent component analysis. Journal of 
Neuroscience Methods, 134(1), 9–21. 
 
165 
 
Delorme, A., Sejnowski, T., & Makeig, S. (2007). Enhanced detection of artifacts in 
EEG data using higher-order statistics and independent component analysis. 
Neuroimage, 34(4), 1443-1449.  
 
De Sanctis, P., Katz, R., Wylie, G. R., Sehatpour, P., Alexopoulos, G.S., & Foxe, J.J. 
(2008). Enhanced and bilateralized visual sensory processing in the ventral stream 
may be a feature of normal aging. Neurobiology of Aging, 29, 1576-1586.  
 
Dickinson, C. A., & Intraub, H. (2009). Spatial asymmetries in viewing and 
remembering scenes: Consequences of an attentional bias? Attention, Perception & 
Psychophysics, 71(6), 1251-1262. 
 
Diekamp, B., Regolin, L., Güntürkün, O., & Vallortigara, G. (2005). A left-sided 
visuospatial bias in birds. Current Biology, 15(10), 372-373. 
 
Dietz, M. J., Friston, K. J., Mattingley, J B., Roepstorff, A., & Garrido, M. I. (2014). 
Effective connectivity reveals right-hemisphere dominance in audiosptial perception: 
implications for models of spatial neglect. The Journal of Neuroscience, 34(14), 
5003-5011. 
 
Di Russo, F., Aprile, T., Spitoni, G., & Spinelli, D. (2008). Impaired visual processing 
of contralesional stimuli in neglect patients: a visual-evoked potential study. Brain, 
131, 842–854. 
 
166 
 
Di Russo, F., Martinez, A., Sereno, M. I., Pitzalis, S., & Hillyard, S.A. (2002). Cortical 
sources of the early components of the visual evoked potential. Human Brain 
Mapping, 15, 95-111. 
 
Dockery, C. A., Hueckel-Weng, R., Birbaumer, N., & Plewnia, C. (2009). 
Enhancement of planning ability by transcranial direct current stimulation. The 
Journal of Neuroscience, 29(22), 7271–7. 
 
Dodds, C. M., van Belle, J., Peers, P. V., Dove, A., Cusack, R., Duncan, J., & Manly, 
T. (2008). The effects of time-on-task and concurrent cognitive load on normal 
visuospatial bias. Neuropsychology, 22, 545–52. 
 
Dolcos, F., Rice, H.J., & Cabeza, R. (2002). Hemispheric asymmetry and aging: right 
hemisphere decline or asymmetry reduction. Neuroscience & Biobehavioural 
Reviews, 26, 819-825.  
 
Doniger, G. M., Foxe, J. J., Murray, M. M., Higgins, B. A., Schroeder, C. E., & Javitt, 
D. C. (2001). Visual perceptual learning in human object recognition areas: a 
repetition priming study using high-density electrical mapping. Neuroimage, 13, 305–
313. 
 
167 
 
Doricchi, F., Guariglia, P., Figliozzi, F., Silvetti, M., Bruno, G., & Gasparini, M. 
(2005). Causes of cross-over in unilateral neglect: between-group comparisons, 
within-patient dissociations and eye movements. Brain, 128(6), 1386-1406. 
 
Doricchi, F., Guariglia, P., Figliozzi, F., Silvetti, M., Gasparini, M., Merola, S., Macci, 
E., Binetti, N., Bruschini, M. & Bueti, D. (2008) No reversal of the Oppel-kundt 
illusion with short stimuli: confutation of the space anisometry interpretation of 
neglect and „cross-over‟ in line bisection. Brain, 131(Pt 5), e94. 
 
Drake, R. A., & Myers, L. R. (2006). Visual attention, emotion, and action tendency: 
Feeling active or passive. Cognition and Emotion, 20, 608-622. 
 
Driver, J., & Mattingley, J.B. (1998). Parietal neglect and visual awareness. Nature 
Neuroscience, 1, 17-22. 
 
Duecker, F., Formisano, E., & Sack, A.T. (2013). Hemispheric differences in the 
voluntary control of spatial attention: direct evidence for a right-hemispheric 
dominance within frontal cortex. Journal of Cognitive Neuroscience, 25, 1332-1342.  
 
Duecker, F., & Sack, A. T. (2015). The hybrid model of attentional control: New 
insights into hemispheric asymmetries inferred from TMS research. 
Neuropsychologia, 74, 21-29.  
 
Dufour, A., Touzalin, P. & Candas, V. (2007). Time-on-task effect in pseudoneglect. 
Experimental Brain Research, 176, 532-537. 
168 
 
 
Duncan, J. (1980). The locus of interference in the perception of simultaneous 
stimuli. Psychological Review, 87(3), 272-30.  
 
Dutta, T., & Mandal, M. K. (2002). Visual-field superiority as a function of stimulus 
type and content. International Journal of Neuroscience, 112, 945-952. 
 
Ehret, G. (1987). Left hemisphere advantage in the mouse brain for recognizing 
ultrasonic communication calls. Nature, 325, 249-251. 
 
Elias, L. J., Robinson, B., & Saucier, D. M. (2005). Rightward biases in free-viewing 
visual bisection tasks: implications for leftward responses biases on similar tasks. 
Brain and Cognition, 59(3), 296-298. 
 
Ellison, A., Schindler, I., Pattison, L. L., & A. D. Milner. (2004). An exploration of the 
role of the superior temporal gyrus in visual search and spatial perception using 
TMS. Brain, 127, 2307-2315. 
 
Failla, C. V., Sheppard, D. M., & Bradshaw, J. L. (2003). Age and responding-hand 
related changes in performance of neurologically normal subjects on the line-
bisection and chimeric-faces tasks. Brain and Cognition, 52, 353–363. 
 
Faisal, A. A., Selen, L. P., & Wolpert, D. M. (2008). Noise in the nervous system. 
Nature Reviews Neuroscience, 9(4), 292-303. 
 
169 
 
Fierro, B., Brighina, F., Piazza, A., Oliveri, M., & Bisiach, E. (2001). Timing of right 
parietal and frontal cortex activity in visuo-spatial perception: a TMS study in normal 
individuals. Neuroreport, 12, 2605–2607. 
 
Fierro, B., Brighina, F., Oliveri, M., Piazza, A, La Bua, V., Buffa, D., & Bisiach, E. 
(2000). Contralateral neglect induced by right posterior parietal rTMS in healthy 
subjects. Neuroreport, 11(7), 1519-1521.  
 
Fimm, B., Willmes, K., & Spijkers, W. (2006). The effect of low arousal on visuo-
spatial attention. Neuropsychologia, 44, 1261-1268. 
 
Fink, G. R., Marshall, J. C., Shah, N. J., Weiss, P. H., Halligan, P. W., Grosse-
Ruyken, M., Ziemons, K., Zilles, K., & Freund, H. J. (2000a). Line bisection 
judgments implicate right parietal cortex and cerebellum as assessed by fMRI. 
Neurology, 54(6), 1324–1331. 
 
Fink, G. R., Marshall, J. C., Weiss, P. H., Shah, N. J., Toni, I., Halligan, P. W., & 
Zilles, K. (2000b). „Where‟ depends on „what‟: a differential functional anatomy for 
position discrimination in one- versus two-dimensions. Neuropsychologia, 38(13), 
1741–1748. 
 
Fink, G. R., Marshall, J. C., Weiss, P. H., & Zilles, K. (2001). The neural basis of 
vertical and horizontal line bisection judgments: an fMRI study of normal volunteers. 
Neuroimage, 14, 59–67. 
 
170 
 
FitzGerald, T.H.B., Moran, R.J., Friston, K.J., & Dolan, R.J. (2015). Precision and 
neural dynamics in the human posterior parietal cortex during evidence 
accumulation. Neuroimage, 107, 219-228. 
 
Flevaris, A. V,. Bentin, S., & Robertson, L. C. (2011). Attention to hierarchical level 
influences attentional selection of spatial scale. Journal of Experimental Psychology: 
Human Perception and Performance, 37(1), 12-22. 
 
Forstmann, B. U., & Wagenmakers, E.-J. (2015). Model-Based Cognitive 
Neuroscience: A Conceptual introduction. In An introduction to model-based 
cognitive neuroscience. Forstmann, B. U. & Wagenmakers, E.-J (Eds.). Springer. 
New York.  
 
Foster, P. S., Drago, V., Webster, D. G., Harrison, D. W., Crucian, G. P., & Heilman, 
K. M. (2008). Emmotional influences on spatial attention. Neuropsychology, 22(1), 
127-135. 
 
Foulsham, T., Gray, A., Nasiopoulos, E., & Kingstone, A. (2013). Leftward biases in 
picture scanning and line bisection: A gaze-contingent window study. Vision 
Research, 78, 14-25. 
 
Foxe, J. J., McCourt, M. E., & Javitt, D. C. (2003). Right hemisphere control of 
visuospatial attention: Line-bisection judgments evaluated with high-density electrical 
mapping and source analysis. Neuroimage, 19, 710–726. 
 
171 
 
Foxe, J. J., & Snyder, A. C. (2011). The role of alpha-band brain oscillations as a 
sensory suppression mechanism during selective attention. Frontiers in Psychology. 
2:154. 
 
Foxe, J. J., Strugstad, E. C., Sehatpour, P., Molholm, S., Pasieka, W., Schroeder, C. 
E., & McCourt, M. E. (2008). Parvocellular and magnocellular contributions to the 
initial generators of the visual evoked potential: high-density electrical mapping of the 
“C1” component. Brain Topography, 21, 11-21. 
 
Friedman, D. (2013). The cognitive aging of episodic memory: a view based on the 
event-related brain potential. Frontiers in Behavioural Neuroscience, 7:111. 
 
Friedman, R. S., & Förster, J. (2005). Effects of motivational cues on perceptual 
asymmetry: Implications for creativity and analytical problem solving. Journal of 
Personality and Social Psychology, 88(2), 263-275. 
 
Fründ, I., Valentin Haenel, N., & Wichmann, F. A. (2011). Inference for psychometric 
functions in the presence of nonstationary behaviour. Journal of Vision, 11, 1-19.  
 
Fujii, T., Fukatsu, R., Yamadori, A., & Kimura, I. (1995). Effect of age on the line 
bisection test. Journal of Clinical and Experimental Neuropsychology, 17(6), 941-
944.  
 
172 
 
Fujikake, H., Higuchi, T., Imanaka, K., & Maloney, L. T. (2011). Directional bias in 
the body while walking through a doorway: its association with attentional and motor 
factors. Experimental Brain Research, 210, 195-206. 
 
Fukatsu, R., Fujii, T., Kimura, I., Saso, S., & Kogure, K. (1990). Effects of hand and 
spatial conditions on visual line bisection. The Tohoku Journal of Experimental 
Medicine, 161(4), 329-333.  
 
Gamberini, L., Seraglia, B., & Priftis, K. (2008). Processing of peripersonal and 
extrapersonal space using tools: evidence from visual line bisection in real and 
virtual environments. Neuropsychologia, 46(5), 1298-1304. 
 
García-Pérez, M. A., & Alcalá-Quintana, R. (2013). Shifts of the psychometric 
function: Distinguishing bias from perceptual effects. The Quarterly Journal of 
Experimental Psychology, 66(2), 319-337.  
 
Garner, K. G., Dux, P. E., Wagner, J., Cummins, T. D. R., Chambers, C. D., & 
Bellgrove, M. A. (2012). Attentional asymmetries in a visual orienting task are related 
to temperament. Cognition and Emotion, 26(8), 1508-1515. 
 
Ghacibeh, G. A., Shenker, J. I., Winter, K. H., Triggs, W. J., & Heilman, K. M. (2007). 
Dissociation of neglect subtypes with transcranial magnetic stimulation. Neurology, 
69, 1122-1127.  
 
173 
 
Giglia, G., Mattaliano, P., Puma, A., Rizzo, S., Fierro, B., & Brighina, F. (2011). 
Neglect-like effects induced by tDCS modulation of posterior parietal cortices in 
healthy subjects. Brain Stimulation, 4(4), 294–9. 
 
Goedert, K. M., LeBlanc, A., Tsai, S-W., & Barrett, A. M. (2010). Asymmetrical 
effects of adaptation to left- and right-shifting prisms depends on pre-existing 
attentional biases. Journal of the International Neuropsychological Society, 16(5), 
795-804. 
 
Gold, J.I., & Ding, L. (2013). How mechanisms of perceptual decision-making affect 
the psychometric function. Progress in Neurobiology, 103:98-114. 
 
Gold, J.I., & Shadlen, M.N. (2007). The neural basis of decision making. Annual 
Review of Neuroscience, 30, 535-574. 
 
Gold, J.I., Law, C.T., Connolly, P., & Bennur, S. (2010). Relationships between the 
threshold and slope of psychometric and neurometric functions during perceptual 
learning: implications for neuronal pooling. Journal of Neurophysiology, 103(1), 140-
54. 
 
Goldstein, G., & Shelly, C. (1981). Does the right hemisphere age more rapidly than 
the left? Journal of Clinical Neuropsychology, 3(1), 65-78.  
 
174 
 
Gould, I. C., Rushworth, M. F. & Nobre, A.C. (2011). Indexing the graded allocation 
of visuospatial attention using anticipatory alpha oscillations. Journal of 
Neurophysiology, 105, 1318-1326.  
 
Grady, C. L., Bernstein, L. J., Beig, S., & Siegenthaler, A.L. (2002). The effects of 
encoding task on age-related differences in the functional neuroanatomy of face 
memory. Psychology and Aging, 17, 7-23.  
 
Grave de Peralta, R., Gonzalez Andino, S., & Gomez-Gonzalez, C. M. (2004). The 
biophysical foundations of the localisation of encephalogram generators in the brain. 
The application of a distribution-type model to the localisation of epileptic foci. 
Revista de Neurologia, 39(8), 748–756. 
 
Grave-de Peralta, R., Gonzalez Andino, S., Lantz, G., Michel, C. M., & Landis, T. 
(2001). Noninvasive localization of electromagnetic epileptic activity. I. Method 
descriptions and simulations. Brain Topography, 14, 131–137. 
 
Greene, C. M., Robertson, I. H., Gill, M., & Bellgrove, M. A. (2010). Dopaminergic 
genotype influences spatial bias in healthy adults. Neuropsychologia, 48(9), 2458-
2464. 
 
175 
 
Groppe, D. M., Urbach, T. P., & Kutas, M. (2011a). Mass univariate analysis of 
event-related brain potentials/fields I: a critical tutorial review. Psychophysiology. 
48(12), 1711-1725. 
 
Groppe, D. M., Urbach, T. P., & Kutas, M. (2011b). Mass univariate analysis of 
event-related brain potentials/fields II: Simulation studies. Psychophysiology. 48, 
1726-1737. 
 
Halligan, P. W., Fink, G. R., Marshall, J. C., & Vallar, G. (2003). Spatial cognition: 
evidence from visual neglect. Trends in Cognitive Sciences, 7(3), 125-133.  
 
Halligan, P. W., Manning, L., & Marshall, J. C. (1990). Individual variation in line 
bisection: A study of four patients with right hemisphere damage and normal 
controls. Neuropsychologia, 28, 1043-1051.  
 
Halligan, P. W., & Marshall, J. C. (1988). How long is a piece of string? A study of 
line bisection in a case of visual neglect. Cortex, 24, 321-328.  
 
Harvey, M., Milner, A. D., & Roberts, R.C. (1995). Differential effects of line length on 
bisection judgements and hemispatial neglect. Cortex, 31, 711–722. 
 
Harvey, M., Pool, T., Roberson, M., & Olk, B. (2000). Effects of Visible and Invisible 
Cueing Procedures on Perceptual Judgments in Young and Elderly subjects.  
Neuropsychologia, 38, 22-31.  
 
176 
 
Harvey, M., & Rossit, S. (2012). Visuospatial neglect in action. Neuropsychologia, 
50, 1018-1028. 
 
Hatin, B., Tottenham, L. S., & Oriet, C. (2012). The relationship between collisions 
and pseudoneglect: Is it right? Cortex, 48, 997-1008.  
 
Hauser, M. D., & Anderson, K. (1994). Functional lateralization for auditory temporal 
processing in adult, but not infant rhesus monkeys: Field experiments. Proceedings 
of the National Academy of Sciences, 91, 3946-3948. 
 
Hausmann, M., Waldie, K. E., & Corballis, M. C. (2003). Developmental changes in 
line bisection: A result of callosal maturation? Neuropsychology, 17, 155-160.  
 
He, B. J., Snyder, A. Z., Vincent, J. L., Epstein, A., Shulman, G. L. & Corbetta, M. 
(2007). Breakdown of functional connectivity in frontoparietal networks underlies 
behavioral deficits in spatial neglect. Neuron, 53, 905–18. 
 
Heber, I., Siebertz, S., Wolter, M., Kuhlen, T. & Fimm, B. (2010). Horizontal and 
vertical pseudoneglect in peri and extrapersonal space. Brain and Cognition, 73, 
160-166.  
 
Heilman, K. M., & Van Den Abell, T. (1980). Right-hemisphere dominance for 
attention: the mechanisms underlying hemispheric asymmetries of inattention 
(neglect). Neurology, 30, 327-330. 
 
177 
 
Heilman, K. M,, Watson, R. T., Valenstein, E., & Goldberg, M. E. (1987). Attention: 
behaviour and neural mechanisms. In: Plum F, Mountcastle VB, Geiger ST, 
editors.The Handbook of Physiology Section 1: The Nervous System. Volume V. 
Higher Functions of the Brain Part 2. Bethesda, MD: American Physiological Society, 
461–81. 
 
Hilgetag, C. C., Théoret, H., & Pascual-Leone. (2001). Enhanced visual spatial 
attention ipsilateral to rTMS-induced „virtual lesions‟ of human parietal cortex. Nature 
Neuroscience, 4(9), 953-957. 
 
Hoddes, E., Zarcone, V., Smythe, H., Phillips, R., & Dement, W.C. (1973). 
Quantification of sleepiness: A new approach. Psychophysiology, 10(4), 431–436. 
 
Horvath J.C., Forte, J.D., & Carter, O. (2015a) Evidence that transcranial direct 
current stimulation (tDCS) generates little-to-no reliable neurophysiologic effect 
beyond MEP amplitude modulation in healthy human subjects: A systematic review. 
Neuropsychologia, 66, 213-236. 
 
Horvath, J.C., Forte, J.D., & Carter, O. (2015b) Quantitative Review Finds No 
Evidence of Cognitive Effects in Healthy Populations from Single-Session 
Transcranial Direct Current Stimulation (tDCS). Brain Stimulation, 8(3), 535-550. 
 
Hoy, K. E., Emonson, M. R. L., Arnold, S. L., Thomson, R.H., Daskalakis, Z. J., & 
Fitzgerald, P. B. (2013). Testing the limits: Investigating the effects of tDCS does on 
178 
 
working memory enhancement in healthy control. Neuropsychologia, 51(9), 1777-
1784. 
 
Hsu, T. Y., Tseng, P., Liang, W. K., Cheng, S. K., & Juan, C. H. (2014). Transcranial 
direct current stimulation over right posterior parietal cortex changes prestimulus 
alpha oscillation in visual short-term memory task. Neuroimage, 98, 306-313. 
 
Hurwitz, M., Valadao, D., & Danckert, J. (2011). Static versus dynamic judgments of 
spatial extent. Experimental Brain Research, 209, 271-286. 
 
Ivry, R. B., & Robertson, L. C. (1998). The Two Sides of Perception. Cambridge MA: 
MIT Press. 
 
Jacobson, L., Koslowsky, M., & Lavidor, M. (2012a). tDCS polarity effects in motor 
and cognitive domains: a meta-analytical review. Experimental Brain Research, 
216(1), 1-10. 
 
Jacobson, L., Goren, N., Lavidor, M., & Levy, D. A. (2012b). Oppositional 
transcranial direct current stimulation (tDCS) of parietal substrates of attention during 
encoding modulates episodic memory. Brain Research, 1439, 66-72. 
 
Jenkins, L., Myerson, J., Joerding, J. A., & Hale, S. (2000). Converging evidence that 
visuospatial cognition is more age-sensitive than verbal cognition. Psychology and 
Aging, 15, 157-175.  
 
179 
 
Jewell, G., & McCourt, M. E. (2000). Pseudoneglect: a review and meta-analysis of 
performance factors in line bisection tasks. Neuropsychologia, 38(1), 93–110. 
 
Karnath, H-O., & Rorden, C. (2012). The anatomy of spatial neglect. 
Neuropsychologia, 50, 1010-1017. 
 
Kelly, S. P., Lalor, E. C., Reilly, R. B., & Foxe, J. J. (2006). Increases in alpha 
oscillatory power reflect an active retinotopic mechanism for distracter suppression 
during sustained visuospatial attention. Journal of Neurophysiology, 95, 3844-3851. 
 
Kerkhoff, G., & Schenk, T. (2011). Line bisection in homonymous visual field defects 
– Recent findings and future directions. Cortex, 47, 53-58.  
 
Kessler, S. K., Turkeltaub, P. E., Benson, J. G., & Hamilton, R. H. (2012). 
Differences in the experience of active and sham transcranial direct current 
stimulation. Brain Stimulation, 5(2), 155–162. 
 
Kim, Y-H., Min, S-J., Ko, M-H., Park, J-W., Jang, S. H., & Lee, P. K. W (2005). 
Facilitating visuospatial attention for the contralateral hemifield by repetitive TMS on 
the posterior parietal cortex. Neuroscience Letters, 382(3), 280-285. 
 
Kinsbourne, M. (1970). The cerebral basis of lateral asymmetries in attention. Acta 
Psychologica, 33, 193–201.  
 
180 
 
Kinsbourne, M. (1977). Hemineglect and hemisphere rivalry. Advances in Neurology, 
18, 41-49. 
 
Kinsbourne, M. (1987). Mechanisms of unilateral neglect. In Neurophysiological and 
Neuropsychological Aspects of Unilateral Neglect, Jeannerod, M. (editor). Elsevier: 
Amsterdam, 69-86. 
 
Klisz, D. (1978). Neuropsychological evaluation in older persons. In The Clinical 
Psychology of Aging. Plenum Publishing, New York, 71-95. 
 
Ko, M.-H., Han, S.-H., Park, S.-H., Seo, J.-H., & Kim, Y.-H. (2008). Improvement of 
visual scanning after DC brain polarization of parietal cortex in stroke patients with 
spatial neglect. Neuroscience Letters, 448, 171-174. 
 
Koch, G., Cercignani, M., Bonni, S., Giacobbe, V., Bucchi, G., Versace, V., 
Caltagirone, C & Bozzali, M. (2011). Asymmetry of Parietal Interhemispheric 
Connections in Humans. The Journal of Neuroscience, 31, 8967-8975. 
 
Koch, G., Fernandez Del Olmo, M., Cheeran, B., Ruge, D., Schippling, S., 
Caltagirone, C., & Rothwell, J. C. (2007). Focal stimulation of the posterior parietal 
cortex increases the excitability of the ipsilateral motor cortex. The Journal of 
Neuroscience, 27, 6815-6822.  
 
181 
 
Koch, G., Oliveri, M., Torriero, S., & Caltagirone, C. (2005). Modulation of excitatory 
and inhibitory circuits for visual awareness in the human right parietal cortex. 
Experimental Brain Research, 160, 510-516. 
 
Kontsevich, L. L., & Tyler, C. W. (1999). Distraction of attention and the slope of the 
psychometric function. Journal of the Optical Society of America A, 16(2), 217-22. 
 
Krause, B., Márquez-Ruiz, J., & Cohen Kadosh, R. (2013). The effect of transcranial 
direct current stimulation: a role for cortical excitation/inhibition balance? Frontiers in 
Human Neuroscience, 7:602. 
 
Krause, B., & Cohen Kadosh, R. (2014). Not all brains are created equal: the 
relevance of individual differences in responsiveness to transcranial electrical 
stimulation. Frontiers in Systems Neuroscience, 8:25. 
 
Laeng, B., Buchtel, H. A. & Butter, C. M. (1996). Tactile rod bisection: hemispheric 
activation and sex differences. Neuropsychologia, 34(11), 1115-1121. 
 
Lazar, R. M., Fitzsimmons, B. F., Marshall, R. S., Berman, M. F., Bustillo, M. A., 
Young, W. L., Mohr, J. P., Shah, J., & Robinson, J. V. (2002). Re-emergence of 
stroke deficits with midazolam challenge. Stroke, 33, 283–285. 
 
Learmonth, G., Thut, G., Benwell, C. S. Y., & Harvey, M. (2015). The implications of 
state-dependent tDCS effects in aging: behavioural response is determined by 
baseline performamce. Neuropsychologia, 74, 108-119. 
182 
 
 
Leigh, S., Danckert, J., & Eliasmith, C. (2015). Modelling the differential effects of 
prisms on perception and action in neglect. Experimental Brain Research, 233, 751-
766. 
 
Leonards, U., Stone, S., & Mohr, C. (2013). Line bisection by eye and by hand reveal 
opposite biases. Experimental Brain Research, 228(4), 513-525. 
 
Levy, J., Trevarthen, C., & Sperry, R. W. (1972). Perception of bilateral chimeric 
figures following hemispheric deconnexion. Brain, 95(1), 61-78. 
 
Li, Z., Moore, A. B., Tyner, C., & Hu, X. (2009). Asymmetric connectivity reduction 
and its relationship to “HAROLD” in aging brain. Brain Research, 1295, 149-158.  
 
Liouta, E., Smith, A. D., & Mohr, C. (2008). Schizotypy and pseudoneglect: A critical 
update on theories of hemispheric asymmetries. Cognitive Neuropsychiatry, 13(2), 
112-134. 
 
Loftus, A. M., & Nicholls, M. E. R. (2012). Testing the activation-orientation account 
of spatial attentional asymmetries using transcranial direct current stimulation. 
Neuropsychologia, 50(11), 2573–6. 
 
Loftus, A. M., Vijayakumar, N., & Nicholls, M. E. R. (2009). Prism adaptation 
overcomes pseudoneglect for the greyscales task. Cortex, 45(4), 537-543. 
 
183 
 
Logan, J. M., Sanders, A. L., Snyder, A. Z., Morris, J. C., & Buckner, R. L. (2002). 
Under-recruitment and nonselective recruitment: dissociable neural mechanisms 
associated with aging. Neuron, 33, 827-840.  
 
Longo, M. R., & Lourenco, S. F. (2006). On the nature of near space: Effects of tool 
use and the transition to far space. Neuropsychologia, 44, 977-981.  
 
Longo, M. R., Trippier, S., Vagnoni, E., & Lourenco, S. F. (2015). Right hemisphere 
control of visuosaptial attention in near space. Neuropsychologia, 70, 350-357. 
 
López-Alonso, V., Cheeran, B., Río-Rodríguez, D., & Fernández-Del-Olmo, M. 
(2014). Inter-individual Variability in Response to Non-invasive Brain Stimulation 
Paradigms. Brain Stimulation, 7(3), 372-380. 
 
Loureiro, M., d‟Almeida, O. C., Mateus, C., Oliveiros, B., & Castelo-Branco, M. 
(2013). The effect of normal development and aging on low-level visual field 
asymmetries. Perception, 42, 138.  
 
Luck, S. J., Woodman, G. E., & Vogel, E. K. (2000). Event-related potential studies 
of attention. Trends in Cognitive Sciences, 4, 432-440. 
 
Luh, K. E. (1995). Line bisection and perceptual asymmetries in normal individuals: 
What you see is not what you get. Neuropsychology, 9(4), 435–448. 
 
184 
 
Lux, S., Marshall, J. C., Thimm, M., & Fink, G. R. (2008). Differential processing of 
hierarchical visual stimuli in young and older healthy adults: Implications for 
pathology. Cortex, 44, 21-28.  
 
Macdonald, J. S. P., Mathan, S., & Yeung, N. (2011). Trial-by-trial variations in 
subjective attentional state are reflected in ongoing prestimulus EEG alpha 
oscillations. Frontiers in Psychology, 2:82. 
 
MacLeod, M. S., & Turnbull, O. H. (1999). Motor and perceptual factors in 
pseudoneglect. Neuropsychologia, 37(6), 707-713. 
 
Maeda, H. (2015). Response option configuration of online administered Likert 
scales. International Journal of Social Research Methodology, 18(1), 15-26. 
 
Mahayana, I. T., Tcheang, L., Chen, C.-Y., Juan, C.-H., & Muggleton, N. (2014). The 
precuneus and visuospatial attention in near and far space: A transcranial magnetic 
stimulation study. Brain Stimulation, 7(5), 673-679. 
 
Manly, T., Dobler, V. B., Dodds, C. M., & George, M. A. (2005). Rightward shift in 
spatial awareness with declining alertness. Neuropsychologia, 43(12), 1721–8. 
 
185 
 
Manning, L., Halligan, P. W., & Marshall, J. C. (1990). Individual variation in line 
bisection: A study of normal subjects with application to the interpretation of visual 
neglect. Neuropsychologia, 28(7), 647–655. 
 
Maris, E., & Oostenveld, R. (2007). Nonparametric statistical testing of EEG- and 
MEG-data. Journal of Neuroscience Methods. 164, 177–190. 
 
Marshall, J. C., & Halligan, P. W. (1989). When right goes left: An investigation of 
line bisection in a case of visual neglect. Cortex, 25, 503-515.  
 
Marzoli, D., Prete, G., & Tommasi, L. (2014). Perceptual asymmetries and 
handedness: a neglected link? Frontiers in Psychology, 5:163. 
 
Massara, F., Porcheddu, D., & Melara, R. D. (2014). Asymmetric perception of 
sparse shelves in retail displays. Journail of Retailing, 90(3), 321-331. 
 
Masters, R. S. W., van der Kamp, J., & Jackson, R. C. (2007). Imperceptible off-
center goalkeepers influence penalty-kick direction in soccer. Psychological Science, 
18, 222-223. 
 
Matthias, E., Bublak, P., Costa, A., Muller, H. J., Schneider, W. X., & Finke, K. 
(2009). Attentional and sensory effects of lowered levels of intrinsic alertness. 
Neuropsychologia, 47, 3255-3264.   
 
186 
 
Mattingley, J. B., Berberovic, N., Corben, L., Slavin, M. J., Nicholls, M. E. R., & 
Bradshaw, J. L. (2004). The greyscales task: a perceptual measure of attentional 
bias following unilateral hemispheric damage. Neuropsychologia, 42(3), 387-394. 
 
Mattingley, J. B., Bradshaw, J. L., Nettleton, N. C., & Bradshaw, J. A. (1994). Can 
task specific perceptual bias be distinguished from unilateral neglect? 
Neuropsychologia, 32(7), 805-817.  
 
McCourt, M. E. (2001). Performance consistency of normal observers in forced-
choice tachistoscopic visual line bisection. Neuropsychologia, 39(10), 1065–1076. 
 
McCourt, M. E., & Garlinghouse, M. (2000). Asymmetries of visuospatial attention 
are modulated by viewing distance and visual field elevation: Pseudoneglect in 
peripersonal and extrapersonal space. Cortex, 36, 715-731.  
 
McCourt, M. E., & Jewell, G. (1999). Visuospatial attention in line bisection: Stimulus 
modulation of pseudoneglect. Neuropsychologia, 37, 843-855. 
 
McCourt, M. E. & Olafson, C. (1997). Cognitive and perceptual influences on visual 
line bisection: psychophysical and chronometric analyses of pseudoneglect. 
Neuropsychologia, 35, 369-380.  
 
McDonnell, M. D., & Ward, L. M. (2011). The benefits of noise in neural systems: 
bridging theory and experiment. Nature Reviews Neuroscience, 12, 415-26. 
 
187 
 
Mennemeier, M., Pierce, C. A., Chatterjee, A., Anderson, B., Jewell, G., & Dowler, R. 
(2005). Biases in attentional orientation and magnitude estimation explain crossover: 
Neglect is a disorder of both. Journal of Cognitive Neuroscience, 17, 1194–1221. 
 
Mennemeier, M., Rapcsak, S. Z., Pierce, C., & Vezey, E. (2001). Crossover by line 
length and spatial location. Brain and Cognition, 47, 412–422. 
 
Mennemeier, M., Vezey, E., Lamar, M., & Jewell, G. (2002) Crossover is not a 
consequence of neglect. Journal of the International Neuropsychological Society, 8, 
107–114. 
 
Mesulam, M. M. (1981). A cortical network for directed attention and unilateral 
neglect. Annals of Neurology, 10, 309–325. 
 
Michel, C. M., Murray, M. M., Lantz, G., Gonzalez, S. L., Spinelli, L., & Grave de 
Peralta Menendez, R. (2004). EEG source imaging. Clinical Neurophysiology, 115, 
2195–2222. 
 
Miller, S. L., Prokosch, M. L., & Maner, J. (2012). Relationship maintenance and 
biases on the line bisection task: Attractive alternatives, asymmetrical cortical 
activity, and approach-avoidance motivation. Journal of Experimental Social 
Psychology, 48, 566-569. 
 
188 
 
Milner, A. D., Brechmann, M., & Pagliarini, L. (1992). To halve and to halve not: An 
analysis of line bisection judgements in normal subjects. Neuropsychologia, 30(6), 
515–526. 
 
Milner, A. D., & Harvey, M. (1995). Distortion of size perception in visuospatial 
neglect. Current Biology, 5(1), 85-89. 
 
Milner, A. D., Harvey, M., Roberts, R. C., & Forster, S. V. (1993). Line bisection 
errors in visual neglect: misguided action or size distortion? Neuropsychologia, 
31(1), 39-49. 
 
Miniussi, C., Harris, J. A., & Ruzzoli, M. (2013). Modelling non-invasive brain 
stimulation in cognitive neuroscience. Neuroscience and Biobehavioral Reviews, 
37(8), 1702–1712. 
 
Miniussi, C., Ruzzoli, M., & Walsh, V. (2010). The mechanism of transcranial 
magnetic stimulation in cognition. Cortex, 46(1), 128-130. 
 
Mohr, C., Bracha, H. S., & Brugger, P. (2003). Magical ideation modulates spatial 
behaviour. The Journal of Neuropsychiatry & Clinical Neurosciences. 15(2), 168-174. 
 
Monaghan, P., & Shillcock, R. (1998). The cross-over effect in unilateral neglect. 
Modelling detailed data in the line-bisection task. Brain, 121, 907-921. 
 
189 
 
Monaghan, P., & Shillcock, R. (2004). Hemispheric asymmetries in cognitive 
modeling: Connectionist modeling of unilateral visual neglect. Psychological Review, 
111, 283–308. 
 
Moos, K., Vossel, S., Weidner, R., Sparing, R., & Fink, G. R. (2012). Modulation of 
top-down control of visual attention by cathodal tDCS over right IPS. The Journal of 
Neuroscience, 32(46), 16360–16368. 
 
Morgan, M., Dillenburger, B., Raphael, S., & Solomon, J. A. (2012). Observers can 
voluntarily shift their psychometric functions without losing sensitivity. Attention, 
Perception & Psychophysics, 74, 185-193.  
 
Mort, D. J., Malhotra, P., Mannan, S. K., Rorden, C., Pambakian, A., Kennard, C., & 
Husain, M. (2003). The anatomy of visual neglect. Brain, 126, 1986-1997. 
 
Moss, F., Ward, L. M., & Sannita, W. G. (2004). Stochastic resonance and sensory 
information processing: a tutorial and review of application. Clinical Neurophysiology, 
115(2), 267-81. 
 
Muggleton, N. G., Postma, P., Moutsopoulou, K., Nimmo-Smith, I., Marcel, A., & 
Walsh, V. (2006). TMS over right posterior parietal cortex induces neglect in a 
scene-based frame of reference.  Neuropsychologia, 44(7), 1222-1229. 
 
190 
 
Mozer, M. C., Halligan, P. W., & Marshall, J. C. (1997). The end of the line for a 
brain-damaged model of unilateral neglect. Journal of Cognitive Neuroscience, 9(2), 
171-190. 
 
Müri, R. M., Buhler, R., Heinemann, D., Mosimann, U. P., Felblinger, J., Schlaepfer, 
T. E., & Hess, C. W. (2002). Hemispheric asymmetry in visuospatial attention 
assessed with transcranial magnetic stimulation. Experimental Brain Research, 143, 
426-430. 
 
Nagamatsu, L. S., Carolan, P., Liu-Ambrose, T. Y. L., & Handy, T. C. (2011). Age-
related changes in the attentional control of visual cortex: A selective problem in the 
left visual hemifield. Neuropsychologia, 49, 1670-1678. 
 
Nash, K., McGregor, I., & Inzlicht, M. (2010). Line bisection as a neural marker of 
approach motivation. Psychophysiology, 47, 979-983. 
 
Nebes, R. D., Buysse, D. J., Halligan, E. M., Houck, P. R., & Monk, T. H. (2009). 
Self-reported sleep quality predicts poor cognitive performance in healthy older 
adults. The Journals of Gerontology Series B: Psychological Sciences, Social 
Sciences, 64B, 180-187.  
 
Newman, D. P., O'Connell, R. G., & Bellgrove, M.A. (2013). Linking time-on-task, 
spatial bias and hemispheric activation asymmetry: A neural correlate of rightward 
attention drift. Neuropsychologia, 51, 1215-23. 
 
191 
 
Newman, D. P., O‟Connell, R. G., Nathan, P. J., & Bellgrove, M. A. (2012). 
Dopamine transporter genotype predicts attentional asymmetry in healthy adults. 
Neuropsychologia, 50(12), 2823-2829. 
 
Nicholls, M. E. R., Bradshaw, J. L., & Mattingley, J. B. (1999). Free-viewing 
perceptual asymmetries for the judgement of brightness, numerosity and size. 
Neuropsychologia, 37(3), 307-314.  
 
Nicholls, M. E. R., Hadgraft, N. T., Chapman, H. L., Loftus, A. M., Robertson, J., & 
Bradshaw, J. L. (2010). A hit-and-miss investigation of asymmetries in wheelchair 
navigation. Attention, Perception & Psychophysics, 72(6), 1576-1590. 
 
Nicholls, M. E. R., Hughes, G., Mattingley, J. B., & Bradshaw, J. L. (2004). Are 
object- and space-based attentional biases both important to free-viewing perceptual 
asymmetries. Experimental Brain Research, 154, 513-520. 
 
Nicholls, M. E. R., Loetscher, T., & Rademacher, M. (2010). Miss to the right : The 
effect of attentional asymmetries on goal-kicking. PloS One, 5(8), e12363. 
 
Nicholls, M. E. R., Loftus, A., Mayer, K., & Mattingley, J. B. (2007). Things that go 
bump on the right : the effect of unimanual activity on rightward collisions. 
Neuropsychologia, 45(5), 1122-1126. 
 
Nicholls, M. E. R., Loftus, A., Orr, C. A., & Barre, N. (2008). Rightward collisions and 
their association with pseudoneglect. Brain and Cognition, 68(2), 166-170. 
192 
 
 
Nicholls, M. E. R., Orr, C. A., Okubo, M., & Loftus, A. (2006). Satisfaction 
guaranteed : The effect of spatial biases on responses to Likert Scales. 
Psychological Science, 17(12), 1027-1028.  
 
Nielson, K. A., Langenecker, S. A., & Garavan, H. (2002). Differences in the 
functional neuroanatomy of inhibitory control across the adult lifespan. Psychology 
and Aging, 17, 56-71.  
 
Nitsche, M. A., & Paulus, W. (2000). Excitability changes induced in the human 
motor cortex by weak transcranial direct current stimulation. Journal of Physiology, 
527(pt 3), 633–639. 
 
Nuthmann, A., & Matthias, E. (2014). Time course of pseudoneglect in scene 
viewing. Cortex, 52, 113-119. 
 
O‟Connell, N. E., Cossar, J., Marston, L., Wand, B. M., Bunce, D., Moseley, G. L., & 
De Souza, L. H. (2012). Rethinking clinical trials of transcranial direct current 
stimulation: participant and assessor blinding is inadequate at intensities of 2mA. 
PloS One, 7, e47514. 
 
O‟Connell, R. G., Schneider, D., Hester, R., Mattingley, J. B., & Bellgrove, M.A. 
(2011). Attentional load asymmetrically affects early electrophysiological indices of 
visual orienting. Cerebal Cortex. 21, 1056-1065. 
 
193 
 
Oliveri, M. (2011). Brain stimulation procedures for treatment of contralesional 
neglect. Restorative Neurology and Neuroscience, 29(6), 421-425. 
 
Olk, B., & Harvey, M. (2002). Effects of visible and invisible cueing on line bisection 
and Landmark performance in hemispatial neglect. Neuropsychologia, 40(3), 282-
290. 
 
Orr, C. A., & Nicholls, M. E. R. (2005). The nature and contribution of space-and 
onject-based attentional biases to free-viewing perceptual asymmetries. 
Experimental Brain Research, 162, 384-393. 
 
Ossandón, J. P., Onat, S., & König, P. (2014). Spatial biases in viewing behaviour. 
Journal of Vision, 14(2), 20. 
 
Park, I.M., Meister, M.L.R., Huk, A.C., & Pillow, J.W. (2014). Encoding and decoding 
in parietal cortex during sensorimotor decision making. Nature Neuroscience, 17, 
1395-1403. 
 
Parton, A., Malhotra, P., & Husain, M. (2004). Hemispatial neglect. Journal of 
Neurology, Neurosurgery & Psychiatry. 75, 13-21. 
 
Pascual-Leone, A., Gomez-Tortosa, E., Grafman, J., Alway, D., Nichelli, P., & 
Hallett, M. (1994). Induction of visual extinction by rapid-rate transcranial magnetic 
stimulation of parietal lobe. Neurology, 44(3 Pt 1), 494-498. 
 
194 
 
Peers, P. V., Cusack, R., & Duncan, J. (2006). Modulation of spatial bias in the dual 
task paradigm: Evidence from patients with unilateral parietal lesions and controls. 
Neuropsychologia, 44(8), 1325-1335. 
 
Pelli, D.G. (1985). Uncertainty explains many aspects of visual contrast detection 
and discrimination. Journal of the Optical Society of America A, 2(9):1508-32. 
 
Pelli, D.G. (1987). On the relation between summation and facilitation. Vision 
Research, 27(1):119-23. 
 
Pellicciari, M. C., Brignani, D., & Miniussi, C. (2013). Excitability modulation of the 
motor system induced by transcranial direct current stimulation: a multimodal 
approach. Neuroimage, 83, 569–80. 
 
Pérez, A., García, L., & Valdés-Sosa, M. (2008). Rightward shift in temporal order 
judgements in the wake of the attentional blink. Psicológica, 29, 35-54. 
 
Pérez, A., Peers, P. V., Valdés-Sosa, M., Galán, L., García, L., & Martínez-Montes 
E. (2009). Hemispheric modulations of alpha-band power reflect the rightward shift in 
attention induced by enhanced attentional load. Neuropsychologia, 47, 41–49. 
 
Petersen, S. E., & Posner, M. I. (2012). The attention system of the human brain: 20 
years after. Annual Review of Neuroscience, 35, 73-89.  
 
195 
 
Philiastides, M. G., & Sajda, P. (2006). Temporal characterization of the neural 
correlates of perceptual decision making in the human brain. Cerebal Cortex. 16, 
509–518. 
 
Posner, M. I. (1980). Orienting of attention. The Quarterly journal of experimental 
psychology, 32(1), 3–25. 
 
Posner, M. I., and Cohen, Y. (1984) Components of visual orienting. In Attention and 
Performance X, H. Bouma & D. Bowhuis, eds, 531-556, Lawrence Erlbaum 
Associates, Hillsdale, NJ. 32, 531-556. 
 
Posner, M. I., Walker, J. A., Friedrich, F. J., & Rafal, R. D. (1984). Effects of parietal 
injury on covert orienting of attention. The Journal of Neuroscience, 4(7), 1863–
1874. 
 
Post, R. B., Caufield, K. J., & Welch, R.B. (2001). Contributions of object- and space-
based mechanisms to line bisection errors. Neuropsychologia. 39, 856–864. 
 
Pouget, A., & Sejnowski, T. J. (2001). Simulating a lesion in a basis function model 
of spatial representations: Comparison with hemineglect. Psychological Review, 
108(3), 653-673. 
 
Pourtois, G., Vandermeeren, Y., Olivier, E., & de Gelder, B. (2001). Event-related 
TMS over the right posterior parietal cortex induces ipsilateral visuo-spatial 
interference. Neuroreport, 12(11), 2369-2374. 
196 
 
 
Priori, A. (2003). Brain polarization in humans: a reappraisal of an old tool for 
prolonged non-invasive modulation of brain excitability. Clinical Neurophysiology, 
114(4), 589–95. 
 
Raz, N., Gunning-Dixon, F., Head, D., Rodrigue, K. M., Williamson, A., & Acker, J. D. 
(2004). Aging, sexual dimorphism, and hemispheric asymmetry of the cerebral 
cortex: replicability of regional differences in volume. Neurobiology of Aging, 25, 377-
396.  
 
Regolin, L. (2006). The case of the line-bisection: when both humans and chickens 
wander left. Cortex, 42(1), 101-103.  
 
Reuter-Lorenz, P. A., & Cappell, K. A. (2008). Neurocognitive aging and the 
compensation hypothesis. Current Directions in Psychological Science, 17, 177-182.  
 
Reuter-Lorenz, P. A., Jonides, J., Smith, E. E., Hartley, A., Miller, A., Marchuetz, C., 
& Koeppe, R.A. (2000). Age differences in the frontal lateralization of verbal and 
spatial working memory revealed by PET. Journal of Cognitive Neuroscience, 12, 
174-187.  
 
Reuter-Lorenz, P. A., Kinsbourne, M., & Moscovitch, M. (1990). Hemispheric control 
of spatial attention. Brain and Cognition, 12, 240-266. 
 
197 
 
Reuter-Lorenz, P. A., & Lustig, C. (2005). Brain aging: reorganizing discoveries 
about the aging mind. Current Opinion in Neurobiology, 15, 245-251.  
 
Reuter-Lorenz, P. A., & Park, D. C. (2010). Human neuroscience and the aging 
mind: a new look at old problems. The Journals of Gerontology Series B: 
Psychological Sciences, Social Sciences, 65, 405-415.  
 
Ribolsi, M., Lisi, G., Di Lorenzo, G., Koch, G., Oliveri, M., Magni, V., Pezzarossa, B., 
Saya, A., Rociola, G., Rubino, I. A., Niolu, C., & Siracusano, A. (2013). Perceptual 
pseudoneglect in schizophrenia: candidate endophenotype and the role of the right 
parietal cortex. Schizophrenia Bulletin. 39(3), 601-607.  
 
Ricci, R., & Chatterjee, A. (2001). Context and crossover in unilateral neglect. 
Neuropsychologia, 39, 1138-1143. 
 
Ricci, R., Salatino, A., Li, X, Funk, A. P., Logan, S. L., Mu, Q., Johnson, K. A., 
Bohning, D. E., & George, M. S. (2012). Imaging the neural mechanisms of TMS 
neglect-like bias in healthy volunteers with the interleaved TMS/fMRI technique: 
preliminary evidence. Frontiers in Human Neuroscience, 6:326. 
 
Ridding, M. C., & Ziemann, U. (2010). Determinants of the induction of cortical 
plasticity by non-invasive brain stimulation in healthy subjects. Journal of Physiology, 
588(Pt 13), 2291–304. 
198 
 
 
Robertson, I., & Manly, T. (1999). Sustained attention deficits in time and space. In 
Humphreys, Glyn W. (Ed); Duncan, John (Ed); Treisman, Anne (Ed), Attention, 
space, and action: Studies in cognitive neuroscience. Oxford University Press: 297-
310. 
 
Robertson, I. H., Mattingley, J. B., Rorden, C., & Driver, J. (1998). Phasic alerting of 
neglect patients overcomes their spatial deﬁcit in visual awareness. Nature, 
395,169–72. 
 
Roberts, R., & Turnbull, O. H. (2010). Putts that get missed on the right: Investigating 
lateralized attentional biases and the nature of putting errors in golf. Journal of Sport 
Sciences, 28(4), 369-374.  
 
Robinson, D. L., & Kertzman, C. (1990). Visuospatial attention: Effects of age, 
gender, and spatial reference. Neuropsychologia, 28, 291-301.  
 
Romei, V., Gross, J., & Thut, G. (2010). On the role of prestimulus alpha rhythms 
over occipito-parietal areas in visual input regulation: correlation or causation? The 
Journal of Neuroscience, 30(25), 8692-8697. 
 
199 
 
Roskes, M., Sligte, D., Shalvi, S., & De Dreu, C. K. W. (2011). The right side? Under 
time pressure, approach motivation leads to right-oriented bias. Psychological 
Science, 22(11), 1403-1407. 
 
Rossi, S., Miniussi, C., Pasqualetti, P., Babiloni, C., Rossini, P. M., & Cappa, S. F. 
(2004). Age-related functional changes of prefrontal cortex in long-term memory: A 
repetitive transcranial magnetic stimulation study. The Journal of Neuroscience, 24, 
7939-7944.  
 
Rueckert, L., Deravanesian, A., Baboorian, D., Lacalamita, A., & Repplinger, M. 
(2002). Pseudoneglect and the cross-over effect. Neuropsychologia, 40, 162-173. 
 
Rueckert, L., & McFadden, H. G. (2004). Context effects in pseudo-neglect 
measured with a free vision Landmark task. Laterality, 9, 421-432.  
 
Russo, R., Wallace, D., Fitzgerald, P. B., & Cooper, N. R. (2013). Perception of 
comfort during active and sham transcranial direct current stimulation: a double blind 
study. Brain Stimulation, 6(6), 946–51. 
 
Ruzzoli, M., Marzi, C. A., & Miniussi, C. (2010). The neural mechanisms of the 
effects of transcranial magnetic stimulation on perception. Journal of 
Neurophysiology, 103(6), 2982-9. 
 
200 
 
Sarkar, A., Dowker, A., & Cohen Kadosh, R. (2014) Cognitive Enhancement or 
Cognitive Cost: Trait-Specific Outcomes of Brain Stimulation in the Case of 
Mathematics Anxiety. The Journal of Neuroscience. 34(50), 16605-16610. 
 
Sauseng, P., Klimesch, W., Stadler, W., Schabus, M., Doppelmayr, M., Hanslmayr, 
S., Gruber, W. R., & Birbaumer, N. (2005). A shift of visual spatial attention is 
selectively associated with human EEG alpha activity. European Journal of 
Neuroscience, 22, 2917-2926. 
 
Savazzi, S. (2008). Reply: no reversal of the Oppel-Kundt illusion with short stimuli: 
confutation of the space anisometry interpretation of neglect and „crossover‟ in line 
bisection. Brain, 131, e95. 
 
Savazzi, S., Posteraro, L., Veronesi, G., & Mancini, F. (2007). Rightward and 
leftward bisection biases in spatial neglect: two sides of the same coin? Brain, 130, 
2070-2084. 
 
Scarisbrick, D. J., Tweedy, J. R., & Kuslansky, G. (1987). Hand preference and 
performance effects on line bisection. Neuropsychologia, 25(4), 695-699. 
 
Schenkenberg, T., Bradford, D. C., & Ajax, E. T. (1980). Line bisection with 
neurological impairment. Neurology, 30, 509–517. 
 
201 
 
Schmitz, R., Deliens, G., Mary, A., Urbain, C., & Peigneux, P. (2011). Selective 
modulations of attentional asymmetries after sleep deprivation. Neuropsychologia, 
49, 3351-3360. 
 
Schmitz, R., Dehon, H., & Peigneux, P. (2013). Lateralized processing of false 
memories and pseudoneglect in aging. Cortex, 49, 1314-1324.  
 
Schmitz, R., & Peigneux, P. (2011). Age-related changes in visual pseudoneglect. 
Brain and Cognition, 76(3), 382-389. 
 
Schneider, W., Eschman, A., & Zuccolotto, A. (2002). E-Prime reference guide. 
Psychology Software Tools. 
 
Schofield, K., & Mohr, C. (2014). Schizotypy and hemispheric asymmetry: Results 
from two Chapman scales, the O-LIFE questionnaire, and two laterality measures. 
Laterality: Asymmetries of Body, Brain and Cognition, 19(2), 178-200.  
 
Schwarzkopf, D. S., De Haas, B., & Rees, G. (2012). Better ways to improve 
standards in brain-behavior correlation analysis. Frontiers in Human Neuroscience, 
6:200. 
 
Schwarzkopf, D. S., Silvanto, J., & Rees, G. (2011). Stochastic resonance effects 
reveal the neural mechanisms of transcranial magnetic stimulation. The Journal of 
Neuroscience, 31(9), 3143–7. 
 
202 
 
Schweid, L., Rushmore, R. J., & Valero-Cabre, A. (2008). Cathodal transcranial 
direct current stimulation on posterior parietal cortex disrupts visuo-spatial 
processing in the contralateral visual field. Experimental Brain Research, 186(3), 
409-17. 
 
Sehm, B., Kipping, J., Schäfer A., Villringer A., & Ragert, P. (2013) Comparison 
between Uni- and Bilateral tDCS Effects on Functional Connectivity of the Human 
Motor Cortex. Frontiers in Human Neuroscience. 7, 183. 
 
Sergent, J. (1982). The cerebral balance of power: Confrontation or cooperation? 
Journal of Experimental Psychology: Human Perception and Performance, 8, 253–
272. 
 
Sheramata, S. L., Bettencourt, K. C., & Somers, D. C. (2010). Hemispheric 
asymmetry in visuotopic posterior parietal cortex emerges with visual short-term 
memory load. The Journal of Neuroscience, 30(38), 12581-12588.  
 
Siebner, H. R., Lang, N., Rizzo, V., Nitsche, M. A., Paulus, W., Lemon, R. N., & 
Rothwell, J. C. (2004). Preconditioning of low-frequency repetitive transcranial 
magnetic stimulation with transcranial direct current stimulation: evidence for 
homeostatic plasticity in the human motor cortex. The Journal of Neuroscience, 
24(13), 3379-85. 
 
203 
 
Siebner, H. R., Hartwigsen, G., Kassuba, T., & Rothwell, J. C. (2009). How does 
transcranial magnetic stimulation modify neuronal activity in the brain? Implications 
for studies of cognition. Cortex, 45(9), 1035-42. 
 
Siebner, H. R. (2010). A primer on priming the human motor cortex. Clinical 
Neurophysiology, 121(4), 461–463. 
 
Silvanto, J., Muggleton, N. G., Cowey, A., & Walsh, V. (2007). Neural adaptation 
reveals state-dependent effects of transcranial magnetic stimulation. European 
Journal of Neuroscience, 25(6) 1874–81. 
 
Silvanto, J., Muggleton, N., & Walsh, V. (2008). State-dependency in brain 
stimulation studies of perception and cognition. Trends in Cognitive Sciences, 
12(12), 447–54. 
 
Siman-Tov, T., Mendelsohn, A., Schonberg, T., Avidan, G., Podlipsky, I., Pessoa, L., 
Gadoth, N., Ungerleider, L. G., & Hendler T. (2007). Bihemispheric leftward bias in a 
visuospatial attention-related network. The Journal of Neuroscience, 27, 11271–
11278. 
 
Simonotto, E., Riani, M., Seife, C., Roberts, M., Twitty, J., & Moss, F. (1997). Visual 
perception of stochastic resonance. Physical Review Letters, 78(6), 1186–9. 
 
204 
 
Singh, V. V., Stojanoski, B., Le, A., & Niemeier, M. (2011). Spatial frequency-specific 
effects on the attentional bias: evidence for two attentional systems. Cortex, 47, 547-
556. 
 
Slagter, H. A., Davidson, R. J., & Tomer, R. (2010). Eye-blink rate predicts individual 
differences in pseudoneglect. Neuropsychologia, 48(5), 1265-1268. 
 
Snyder, A. C., Shpaner, M., Molholm, S., & Foxe, J. J. (2012). Visual object 
processing as a function of stimulus energy, retinal eccentricity and gestalt 
configuration: A high-density electrical mapping study. Neuroscience, 221, 1-11. 
 
Sole-Padulles, C., Bartrez-Faz, D., Junque, C., Clemente, I. C., Molinuevo, J. L., 
Bargallo, N., Sanchez-Aldeguer, J., Bosch, B., Falcon, C., & Valls-Sole, J. (2006). 
Repetitive transcranial magnetic stimulation effects on brain function and cognition 
among elders with memory dysfunction. A randomized sham-controlled study. 
Cerebral Cortex, 16, 1487-1493.  
 
Son, Y., Na, D. L., Kwon, H. M., Kang, Y., Adair, J. C. & Heilman, K. M. (2001). Line 
quadrisection errors in normal subjects. Cortex, 37(5), 665-670. 
 
Sosa, Y., Teder-Sälejärvi, W. A., & McCourt, M. E. (2010). Biases of spatial attention 
in vision and audition. Brain and Cognition, 73, 229-235. 
205 
 
 
Sowell, E. R., Peterson, B. S., Thompson, P. M., Welcome, S. E., Henkenius, A. L., 
& Toga, A. W. (2003) Mapping cortical change across the human life span. Nature 
Neuroscience, 6, 309-315.  
 
Sparing, R., Thimm, M., Hesse, M. D., Küst, J., Karbe, H., & Fink, G. R. (2009). 
Bidirectional alterations of interhemispheric parietal balance by non-invasive cortical 
stimulation. Brain, 132(Pt 11), 3011–20. 
 
Stagg, C. J., Best, J. G., Stephenson, M. C., O‟Shea, J., Wylezinska, M., Kincses, Z. 
T., Morris, P. G., Matthews, P.M., & Johansen-Berg, H. (2009). Polarity-sensitive 
modulation of cortical neurotransmitters by transcranial stimulation. The Journal of 
Neuroscience, 29(16), 5202-5206. 
 
Stagg, C. J., & Nitsche, M. A. (2011). Physiological basis of transcranial direct 
current stimulation. Neuroscientist, 17(1), 37-53. 
 
Stam, C. J., & Bakker, M. (1990). The prevalence of neglect: superiority of 
neuropsychological over clinical methods of estimation. Clinical Neurology and 
Neurosurgery, 92, 229-235.  
 
Sturm, W., & Willmes, K. (2001). On the functional neuroanatomy of intrinsic and 
phasic alertness. Neuroimage, 14(1), 76–84. 
 
206 
 
Sturm, W., Longoni, F., Weis, S., Specht, K., Herzog, H., Vohn, R., Thimm, M., & 
Willmes, K. (2004). Functional reorganisation in patients with right hemisphere stroke 
after training of alertness: a longitudinal PET and fMRI study in eight cases. 
Neuropsychologia, 42, 434–450. 
 
Sullivan, E. V., & Pfefferbaum, A. (2006) Diffusion tensor imaging and aging. 
Neuroscience & Biobehavioural Reviews, 30, 749-761.  
 
Sylvester, C. M., Shulman, G. L., Jack, A. I., & Corbetta, M. (2007). Asymmetry of 
anticipatory activity in visual cortex predicts the locus of attention and perception. 
The Journal of Neuroscience, 30, 148-160. 
 
Szczepanski, S. M., & Kastner, S. (2013). Shifting attentional priorities: control of 
spatial attention through hemispheric competition. The Journal of Neuroscience, 
33(12), 5411–21. 
 
Tamagni, C., Mantei, T., & Brugger, P. (2009). Emotion and space: lateralized 
emotional word detection depends on line bisection bias. Neuroscience, 162(4), 
1101-1105. 
 
Tarkka, I. M., Luukkainen-Markkula, R., Pitkänen, K., & Hämäläinen, H. (2011). 
Alterations in visual and auditory processing in hemispatial neglect: An evoked 
potential follow-up study. International Journal of Psychophysiology, 79(2), 272-279. 
 
207 
 
Taylor, K. I., Zach, P., & Brugger, P. (2002). Why is magical ideation related to 
leftward deviation on an implicit line bisection task? Cortex, 38(2), 247-252. 
 
Tegner, R., & Levander, M. (1991). The influence of stimulus properties on visual 
neglect. Journal of Neurology, Neurosurgery, and Psychiatry, 54, 882–887. 
 
Teo, F., Hoy, K. E., Daskalakis, Z. J., & Fitzgerald, P. B. (2011). Investigating the 
role of current strength in tDCS modulation of working memory performance in 
healthy controls. Frontiers in Psychiatry, 2, 45. 
 
Thiebaut de Schotten, M., Dell‟Acqua, F., Forkel, S. J., Simmons, A., Vergani, F., 
Murphy, D. G., & Catani, M. (2011). A lateralized network for visuospatial attention. 
Nature Neuroscience, 14, 1245-1246. 
 
Thiebaut de Schotten, M., Urbanski, M., Duffau, H., Volle, E., Levy, R., Dubois, B. & 
Bartolomeo, P. (2005). Direct evidence for a parietal-frontal pathway subserving 
spatial awareness in humans. Science, 309, 2226-2228. 
 
Thomas, N. A., & Elias, L. J. (2010). Do perceptual asymmetries differ in 
peripersonal and extrapersonal space? Journal of the International 
Neuropsychological Society. 16(01), 210-214. 
 
Thomas, N. A., & Elias, L. J. (2011). Upper and lower visual field differences in 
perceptual asymmetries. Brain Research. 1387, 108-115.  
208 
 
 
Thomas, N. A., & Elias, L. J. (2012). Perceptual asymmetries in greyscales: Object-
based versus space-based influences. Cortex, 48(5), 553-562. 
 
Thomas, N. A., Loetscher, T., & Nicholls, M. E. R. (2012). Central fixations with 
rightward deviations: saccadic eye movements on the landmark task. Experimental 
Brain Research, 220, 29-39.  
 
Thomas, N. A., Stuckel, D., Gutwin, C., & Elias, L. J. (2009). Directional collisions 
during a route-following task. Journal of the International Neuropsychological 
Society, 15(2), 225-230. 
 
Thut, G., Nietzel, A., Brandt, S. A., & Pascual-Leone, A. (2006). Alpha-band 
electroencephalographic activity over occipital cortex indexes visuospatial attention 
bias and predicts visual target detection. The Journal of Neuroscience, 26, 9494-
502. 
 
Thut, G., Nietzel, A., & Pascual-Leone, A. (2005). Dorsal posterior patietal rTMS 
affects voluntary orienting of visuospatial attention. Cerebral Cortex, 15(5), 628-638.  
 
Toba, M.-N., Cavanagh, P., & Bartolomeo, P. (2011). Attention biases the perceived 
midpoint of horizontal lines. Neuropsychologia, 49(2), 238-246. 
209 
 
 
Tomer, R. (2008). Attentional bias as trait: Correlations with novelty seeking. 
Neuropsychologia, 46(7), 2064-2070. 
 
Tomer, R., Slagter, H. A., Christian, B. T., Fox, A. S., King, C. R., Murali, D., & 
Davidson, R.J. (2013). Dopamine asymmetries predict orienting bias in healthy 
individuals. Cerebral Cortex, 23(12), 2899-2904. 
 
Toraldo, A., McIntosh, R,D., Dijkerman, H,C., & Milner, A.D. (2004) A revised 
method for analysing neglect using the landmark task. Cortex. 40, 415-431. 
 
Tseng, P., Hsu, T. Y., Chang, C. F., Tzeng, O. J. L., Hung, D. L., Muggleton, N. G., 
Walsh, V., Liang, W. K., Cheng, S. K., & Juan, C. H. (2012). Unleashing potential: 
transcranial direct current stimulation over the right posterior parietal cortex improves 
change detection in low-performing individuals. The Journal of Neuroscience, 32(31), 
10554–61. 
 
Turnbull, O. H., & McGeorge, P. (1998). Lateral bumping: A normal-subject analog to 
the behaviour of patients with hemispatial neglect? Brain and Cognition, 37, 31-33. 
 
Turrigiano, G. G., & Nelson, S. B. (2004). Homeostatic plasticity in the developing 
nervous system. Nature Reviews Neuroscience, 5, 97–107. 
 
210 
 
Tyler, C.W., & Chen, C.C. (2000). Signal detection theory in the 2AFC paradigm: 
attention, channel uncertainty and probability summation. Vision Research, 40(22), 
3121-44. 
 
Umarova, R. M., Saur, D., Kaller, C. P., Vry, M. S., Glauche, V., Mader, I., Hennig, 
J., & Weiller, C. (2011). Acute visual neglect and extinction: distinct functional state 
of the visuospatial attention system. Brain, 134(11), 3310-3325. 
  
Urbanski, M., & Bartolomeo, P. (2008). Line bisection in left neglect: The importance 
of starting right. Cortex, 44, 782–793. 
 
Utz, K. S., Dimova, V., Oppenländer, K., & Kerkhoff, G. (2010). Electrified minds: 
Transcranial direct current stimulation (tDCS) and galvanic vestibular stimulation 
(GVS) as methods of non-invasive brain stimulation in neuropsychology - A review of 
current data and future implications. Neuropsychologia, 48(10), 2789-2810. 
 
Vallar, G. (1998). Spatial hemineglect in humans. Trends in Cognitive Sciences, 2: 
87–97. 
 
Vallar, G., & Bolognini, N. (2011). Behavioural facilitation following brain stimulation: 
implications for neurorehabilitation. Neuropsychological Rehabilitation, 21(5), 618–
49. 
 
211 
 
Vallar, G., & Perani, D. (1986). The anatomy of unilateral neglect after right 
hemisphere stroke lesions. A clinical/CT-scan correlation study in man. 
Neuropsychologia, 24, 609–622. 
 
Varnava, A., Dervinis, M., & Chambers, C.D. (2013). The predictive nature of 
pseudoneglect for visual neglect: Evidence from parietal theta burst stimulation. 
PLoS ONE, 8, e65851. 
 
Varnava, A., & Halligan, P. W. (2007). Influence of age and sex on line bisection: a 
study of normal performance with implications for visuospatial neglect. Aging, 
Neuropsychology & Cognition, 14(6), 571-585.  
 
Varnava, A., McCarthy, M., & Beaumont, J. G. (2002). Line bisection in normal 
adults: direction of attentional bias for near and far space. Neuropsychologia, 40, 
1372-1378. 
 
Veronelli, L., Vallar, G., Marinelli, C. V., Primativo, S., & Arduino, L. S. (2014). Line 
and word bisection in right-brain-damaged patients with left spatial neglect. 
Experimental Brain Research, 232, 133-146.  
 
Vogel, E. K., & Luck, S.J. (2000). The visual N1 component as an index of a 
discrimination process. Psychophysiology, 37, 190-123. 
 
Voyer, D., Voyer, S. D., & Tramonte, L. (2012). Free-viewing laterality tasks: a 
multilevel meta-analysis. Neuropsychology, 26, 551-567. 
212 
 
 
Vuilleumier, P., Schwartz, S., Verdon, V., Maravita, A., Hutton, C., Husain, M., & 
Driver, J. (2008). Abnormal attentional modulation of retinotopic cortex in parietal 
patients with spatial neglect. Current Biology, 18, 1525-1529. 
 
Waberski, T. D., Gobbele, R., Lamberty, K., Buchner, H., Marshall, J. C., & Fink, G. 
R. (2008). Timing of visuo-spatial information processing: Electrical source imaging 
related to line bisection judgements. Neuropsychologia, 46, 1201–1210. 
 
Walsh, V., & Pascual-Leone. (2003). Transcranial magnetic stimulation: A 
neurochronometrics of mind. MIT Press: Cambridge.  
 
Weiss, P. H., Marshall, J. C., Wunderlich, G., Tellmann, L., Halligan, P. W., Freund, 
H.- J., Zilles, K., & Fink, G. R. (2000). Neural consequences of acting in near versus 
far space: a physiological basis for clinical dissociations. Brain, 123, 2531-2541. 
 
Weiss, P. H., Marshall, J. C., Zilles, K., & Fink, G. R. (2003). Are action and 
perception in near and far space additive or interactive factors? Neuroimage, 18(4), 
837-846. 
 
Werth, R. & Poppel, E. (1988). Compression and lateral shift of mental coordination 
systems in a line bisection task. Neuropsychologia, 26, 741–745. 
 
213 
 
Wiethoff, S., Hamada, M., & Rothwell, J. C. (2014). Variability in Response to 
Transcranial Direct Current Stimulation of the Motor Cortex. Brain Stimulation, 7(3), 
468–75. 
 
Wilkinson, D., Guinote, A., Weick, M., Molinari, R., & Graham, K. (2010). Feeling 
socially powerless makes you more prone to bumping into things on the right and 
induces leftward line bisection error. Psychonomic Bulletin & Review, 17(6), 910-
914. 
 
Worden, M. S., Foxe, J. J., Wang, N., & Simpson, G. V. (2000). Anticipatory biasing 
of visuospatial attention indexed by retinotopically specific α-band 
electroencephalography increases over occipital cortex. The Journal of 
Neuroscience, 20(6), RC63 (1-6).  
 
Wright, J. M., & Krekelberg, B. (2014). Transcranial direct current stimulation over 
posterior parietal cortex modulates visuospatial localization. Journal of Vision, 14(9), 
5. 
 
Ziemann, U., & Siebner, H.R. (2008). Modifying motor learning through gating and 
homeostatic metaplasticity. Brain Stimulation, 1(1), 60–66. 
 
 
 
 
 
214 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
215 
 
 
 
 
 
 
 
 
 
